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The cAMP-dependent protein kinase A (PKA) signal transduction pathway plays an 
important role in morphogenesis and virulence in plant pathogenic fungi.  In the rice blast 
fungus Magnaporthe oryzae, it regulates surface recognition, appressorium turgor 
generation, and invasive growth.  Two genes in M. oryzae named CPKA and CPK2 
encode the catalytic subunits of cAMP-dependent protein kinase A.  Previous studies 
have shown that deletion of CPKA failed to block response to exogenous cAMP, 
suggesting the involvement of CPK2 in cAMP signaling.  To further characterize the 
function of the catalytic subunits of PKA in infection-related development in M. oryzae, 
we generated the cpkA cpk2 double mutant.  The double mutant had severe growth and 
conidiation defects.  It was non-pathogenic though the intracellular cAMP level and 
activation of the Pmk1 MAP kinase were increased.  Interestingly, the double mutant 
spontaneously produced fast-growing suppressors after cultivation on oatmeal agar plates 
over ten days.  Twenty fast-growing suppressors were isolated and characterized.  
Sequencing analysis showed that loss-of-function mutations in MoSFL1 were responsible 




repressor by interacting with the Cyc8-Tup1 co-repressor.  The interaction between 
MoSfl1 and Cyc8-Tup1 is relieved by phosphorylation of MoSfl1 by PKA, which is 
important for normal hyphal growth.  In the suppressor strains, loss-of-function mutations 
in MoSfl1 bypassed the requirement of PKA phosphorylation to release its inhibitory 
binding with the Cyc8-Tup1 co-repressor complex.  In this study, we provide new 
insights into the role of the catalytic subunits of PKA in growth and development and 
implicate that its negative effect on the transcription repressor MoSfl1 is required for 




CHAPTER 1. INTRODUCTION 
1.1 The Rice Blast Fungus Magnaporthe oryzae 
Magnaporthe oryzae is the causal agent of rice blast disease.  The rice blast fungus 
has been developed as a model for studying fungal-plant interactions because of its 
economic importance and experimental tractability (Wilson and Talbot 2009).  It contains 
seven chromosomes and an estimated genome size of 38.8 Mb encoding 11,109 protein-
coding genes (Dean, Talbot et al. 2005).  To date, over 100 genes have been shown to be 
important for its pathogenicity in M. oryzae. 
 
1.1.1 Rice blast disease 
Rice is the stable food for 50% of the world’s population (Ashkani, Rafii et al. 
2015).  Rice blast caused by Magnaporthe oryzae is a devastating disease on rice and 
renders 30-50% yield loss in major rice-producing areas (Skamnioti and Gurr 2009).  The 
rice blast fungus is able to infect all parts of rice plants, including leaves, collars, necks, 
panicles, seeds, and roots.  On infected leaves, M. oryzae produces diamond-shaped blast 
lesions that are gray, light tan, or dark brown depending on the age of rice plants.  
Dieback of infected leaves can result in dramatic decrease of energy production and 
causes seedling blight.  However, neck blast is often the major cause of significant yield 




1.1.2 Biology of Magnaporthe oryzae 
Magnaporthe oryzae (formerly Magnaporthe grisea) is an ascomycete that produces 
sexual spores (ascospores) in unitunicate asci developed inside fruiting bodies called 
perithecia.  It has been classified in the newly erected family Magnaporthaceae.  
Vegetative hyphae of M. oryzae have regular septation and contain a single haploid 
nucleus in each hyphal compartment. Although the teleomorph stage has not been found 
in nature, sexual reproduction can be observed in the laboratory when strains of opposite 
mating genotypes are paired.  Besides genes at the mating type locus, additional genes are 
found to be required for regulating sexual reproduction in M. oryzae (Yan, Li et al. 2011, 
Saleh, Xu et al. 2012, Jeon, Choi et al. 2015).  M. oryzae is also able to produce two types 
of asexual spores: microconidia and macroconidia (Zhang, Wu et al. 2014).  Both 
microconidia and macroconidia can be germinated on artificial and plant surfaces, and 
are infectious although the germination rate of microconidia is less than 5%.  Three-
celled pyriform macroconidia are produced on conidiophores.  Unicellular, crescent-
shaped microconidia are produced on phialides.  Phylogenetic analyses suggest that 
isolates from rice and other grasses including Eragrostris curvula, Eleusine coracana, 
Lolium perenne, and Setaria species are M. oryzae, isolates from Digitaria sanguinalis 
(crabgrass) is M. grisea (Choi, Park et al. 2013). 
 
1.1.3 Disease cycle of the rice blast fungus 
The disease cycle of the rice blast fungus begins with the landing of a three-celled 
conidium on the leaf surface (Wilson and Talbot 2009).  After attaching to the 




and Hamer 1996).  The tip of the germination tube is able to flatten and develop a knob-
like structure, then forms a single-celled appressorium.  Later, the breakdown of the 
three-celled conidium occurs in a process of programmed cell death regulated by 
autophagy (Kershaw and Talbot 2009).  Maturation of appressoria requires melanization 
on the inner side of the cell wall and production of glycerol and other polyols to develop 
appressorium turgor (Ryder and Talbot 2015).  Mature appressoria then form a 
penetration peg that provides enough physical force to puncture the cuticle of rice leaves 
and allows the emergence of invasive hyphae (Wilson and Talbot 2009).  An F-actin 
toroidal scaffolding consisting of four septin guanosine triphosphatases is essential for 
growth of the penetration peg from the appressorium pore (Dagdas, Yoshino et al. 2012). 
Successful infection is achieved through invading epidermal cells by bulbous, invasive 
hyphae and an invaginating plasma membrane of rice mesophyll cells (Zhang and Xu 
2014).  To successfully invade living cells and manipulate plant immunity, M. oryzae 
deploys distinct secretion systems to deliver various effectors into plant cells (Giraldo, 
Dagdas et al. 2013).  The biotrophic interfacial complex (BIC), a novel plant membrane-
rich structure associated with invasive hyphae, is involved in the translocation of 
cytoplasmic effectors, which are delivered into plant cells by exocyst complex or t-
SNAREs.  The Golgi-dependent secretory system is responsible for the delivery of 
apoplastic effectors, which is independent of the BIC.  Cell-to-cell movement occurs via 
plasmodesmata.  Typical lesions are developed between 72 and 96 hours after infection.  
Humid conditions induce sporulation, therefore facilitate disease spreading through 
newly-generated aerial conidiophores carried by dewdrop splash landing on new host 




1.2 The cAMP-PKA Pathway 
In M. oryzae, several signaling pathways have been identified that regulate surface 
recognition, appressorium formation, and invasive growth (Xu and Hamer 1996, Xu, 
Urban et al. 1997, Xu, Staiger et al. 1998, Dixon, Xu et al. 1999).  The conserved cyclic 
AMP-dependent protein kinase A (cAMP-PKA) signaling pathway is involved in surface 
recognition and appressorium turgor generation (Zhao, Kim et al. 2005). 
 
1.2.1 Protein kinase A 
The cAMP-dependent protein kinase A (PKA) is the main cAMP effector for signal 
transduction in response to various hormones and physical stimuli (Tamaki 2007, Stefan, 
Malleshaiah et al. 2011).  It is evolutionarily conserved from yeast to humans.  cAMP is a 
secondary messenger synthesized by adenylate cyclase.  In the absence of cAMP, the 
PKA holoenzyme acts as an inactive hetero-tetramer consisting of two regulatory (R) 
subunits and two catalytic (C) subunits.  In the presence of cAMP, each of the regulatory 
subunits binds with one cAMP molecule and releases two monomeric catalytic subunits, 
which can phosphorylate downstream target proteins and regulate gene expression (Yan, 
Li et al. 2011).  In Saccharomyces cerevisiae, there are three genes, TPK1, TPK2, and 
TPK3, coding the catalytic subunits of PKA.  The triple mutants lacking the TPK1, TPK2, 
and TPK3 catalytic subunits are lethal (Pan and Heitman 1999).  In general, filamentous 
fungi have two genes encoding the catalytic subunits, one of which has a major function 
for PKA activity (Lee, D'Souza et al. 2003, Banno, Ochiai et al. 2005, Ni, Rierson et al. 
2005, Schumacher, Kokkelink et al. 2008, Hu, Zhou et al. 2014).  In phytopathogenic 




growth or asexual reproduction but has a conserved role in plant infection as a critical 
virulence factor (Shimizu and Keller 2001, Choi and Xu 2010, Kim, Park et al. 2011).  
For examples, deletion of FgCPK1 in F. graminearum, FoCPKA in F. oxysporum, or 
CPK1 in F. verticillioides results in significant reductions in growth rate, conidiation, as 
well as virulence (Shimizu and Keller 2001, Choi and Xu 2010, Kim, Park et al. 2011, 
Hu, Zhou et al. 2014).  In Verticillium dahliae, the growth rate of the Vdpkac1 mutant is 
similar to wild-type strains, but conidiation and virulence are significantly reduced 
(Tzima, Paplomatas et al. 2010).  Deletion of CPKA in M. oryzae has no obvious effects 
on growth rate and conidiation but it causes defects in appressorium formation and plant 
infection (Mitchell and Dean 1995, Choi and Dean 1997, Adachi and Hamer 1998).  In 
Botrytis cinerea, deletion of BcPKA1 causes defects in growth and lesion development 
but has no effect on conidiation (Shimizu and Keller 2001). 
 
1.2.2 Upstream components of the cAMP-PKA signaling in M. oryzae 
During the last two decades, several components of the cAMP-PKA signaling 
pathway have been identified and functionally characterized in M. oryzae.  cAMP 
signaling is stimulated by G protein-coupled receptors (GPCRs), which are anchored in 
membranes, sensing a variety of extracellular stimuli.  In M. oryzae, PTH11 encodes a 
putative GPCR that responds to surface cues, including soluble plant cutin monomers and 
surface hydrophobicity (DeZwaan, Carroll et al. 1999).  Deletion of PTH11 results in 
defects of appressorium differentiation and pathogenicity (DeZwaan, Carroll et al. 1999).  
But the defects can be suppressed by adding exogenous cAMP (DeZwaan, Carroll et al. 




in the GPCR.  This change affects its interaction with Gα subunits of the heterotrimeric 
G-proteins.  Several components of heterotrimeric G-proteins have been characterized in 
M. oryzae, including three Gα proteins MagA, MagB and MagC, one Gβ protein Mgb1, 
and one Gγ protein Mgg1 (Li, Zhou et al. 2012).  Among the three Gα proteins, MagB 
may be responsible for stimulating cAMP synthesis (Fang and Dean 2000).  MGB1 and 
MGG1 may be also involved in cAMP signaling because they are required for 
appressorium formation and plant infection (Nishimura, Park et al. 2003, Li, Que et al. 
2015).   
M. oryzae has eight RGS (Regulators of G-protein signaling) proteins.  RGS1 is a 
negative regulator of all Gα subunits and important for asexual and pathogenic 
development (Liu, Suresh et al. 2007). RGS3, RGS4, and RGS7 also are required for full 
virulence (Zhang, Tang et al. 2011).  Adenylyl cyclase is a target of activated G proteins, 
which is activated by Gα proteins to synthesize cAMP.  Deletion of M. oryzae adenylate 
cyclase gene MAC1 results in mutants that failed to form appressoria (Choi and Dean 
1997).  Besides Gα proteins, a small GTP-binding protein Ras2 also promotes the 
activation of adenylate cyclase (Zhou, Zhao et al. 2014).  RAS2 is an essential gene in M. 
oryzae, and expression of the dominant active MoRAS2G18V allele results in over-
activation of the cAMP pathway, which leads to the formation of abnormal appressoria 
without surface recognition (Zhou, Zhao et al. 2014).  The cyclase-associated protein 
Cap1 facilitates RAS2 activation of adenylate cyclase (Zhou, Zhang et al. 2012).  Deletion 
of CAP1 causes a reduced intracellular cAMP level and pathogenicity, and suppresses the 
over-activation effect of MoRas2G18V (Zhou, Zhang et al. 2012).  Two cAMP 




levels. In M. oryzae, PDEH, a high-affinity cAMP phosphodiesterase, is crucial for 
asexual and pathogenic differentiation (Ramanujam and Naqvi 2010). 
 
1.2.3 Downstream targets of PKA in M. oryzae 
To date, several putative downstream targets of PKA have been identified in M. 
oryzae.  The transcription factors SOM1 and CDTF1 are characterized to be downstream 
targets of PKA because their expression levels are regulated by the cAMP-PKA signaling 
pathway (Yan, Li et al. 2011).  Furthermore, a weak interaction between Som1 and CpkA 
was detected by yeast two-hybrid assays.  Both SOM1 and CDTF1 are important for 
sporulation, appressoria formation, and pathogenicity (Yan, Li et al. 2011).  MSTU1 is an 
APSES transcription factor.  Its ortholog in the budding yeast, SOK2, is involved in 
cAMP-mediated signaling (Ward, Gimeno et al. 1995).  MSTU1 is required for 
appressorium-mediated infection (Nishimura, Fukada et al. 2009).  Similar to MSTU1, 
the ortholog of the yeast transcription factor MSN2 is also identified as a substrate of 
PKA.  In the budding yeast, PKA phosphorylation of Msn2 inhibits its nuclear 
localization (Gorner, Durchschlag et al. 1998).  In M. oryzae, MSN2 plays an important 
role in cell-wall biosynthesis and resistance to osmotic stress (Zhang, Zhao et al. 2014).  
A serine-threonine protein kinase Yak1 is negatively regulated by the PKA pathway in 
the presence of glucose in S. cerevisiae (Lee, Paik et al. 2011).  Its ortholog in M. oryzae 
is also related to cAMP signaling because the defect in appressorium development caused 
by deletion of MoYAK1 was restored by exogenous cAMP (Han, Lee et al. 2015).  Last 
but not the least, the Pmk1-interacting transcription factor MoSFL1 is important for plant 




2011), suggesting that MoSFL1 is a common downstream target of the Pmk1 and cAMP-
PKA pathways. 
 
1.3 The Cyc8-Tup1 Co-repressor 
The Cyc8-Tup1 (also known as Ssn6-Tup1) complex from budding yeast is one of 
the best-studied co-repressors.  The complex is composed of four Tup1 molecules and 
one Cyc8 molecule (Varanasi, Klis et al. 1996).  As a co-repressor, the Cyc8-Tup1 
complex lacks intrinsic DNA-binding activity and is recruited to the target genes by 
interaction with sequence-specific DNA-binding transcriptional repressors to the 
regulatory region of target genes (Smith and Johnson 2000).  In many cases, Tup1 is the 
protein responsible for the repression, and Cyc8 functions as an adaptor protein between 
the Tup1 and particular DNA-binding transcription factors (Tzamarias and Struhl 1994).  
The Cyc8-Tup1 complex represses target genes by different molecular mechanisms, 
including modulation of chromatin structures by interacting with histone deacetylases and 
interference directly with the RNA polymerase II mediators (Edmondson, Smith et al. 
1996, Lee, Chatterjee et al. 2000, Watson, Edmondson et al. 2000, Wu, Suka et al. 2001).  
In yeast, both Cyc8 and Tup1 are nonessential genes, but deletion of either or both genes 
results in abnormal growth and development. 
 
1.3.1 Genes repressed by the Cyc8-Tup1 complex in yeast 
In S. cerevisiae, the Cyc8-Tup1 complex interacts with many different DNA-binding 
transcription factors to regulate as many as 3% of the yeast genes involved in a wide 




of these transcription factors is MATα2, which acts with MCM1 to repress a-specific 
genes in haploid cells or along with MATA1 to repress haploid-specific genes in diploid 
cells (Komachi and Johnson 1997).  SFL1 is another one of them that is involved in the 
repression of flocculation-related genes (Conlan and Tzamarias 2001).  Other 
transcription factors regulated by the Cyc8-Tup1 complex include MIG1 that regulates 
glucose-repressible genes that encode enzymes involved in the utilization of maltose, 
sucrose, galactose, or other sugars (Treitel and Carlson 1995, Carlson 1999); CRT1 that 
represses DNA-damage-regulated genes (Huang, Zhou et al. 1998); ROX1 that regulates 
hypoxia-induced genes (Mennella, Klinkenberg et al. 2003); NRG1 that is a negative 
regulator of glucose-repressed genes (Zhou and Winston 2001); and SKO1 that is 
involved in stress responses (Proft, Pascual-Ahuir et al. 2001) (Figure 1.1). 
 
DNA-binding protein Gene sets repressed by Cyc8-Tup1 
α2/Mcm1 a-specific genes 
α2/a1 Haploid-specific genes 
Sfl1 Flocculation-related genes 
Mig1 Glucose-repressible genes 
Crt1 DNA-damage-regulated genes 
Rox1 Hypoxia induced genes 
Nrg1 Starch-degrading enzymes 
Sko1 Osmotic-stress inducibed genes 
Figure 1.1 The DNA-binding proteins interacting with Cyc8-Tup1 represses genes that 






1.3.2 Structures of Tup1 and Cyc8 proteins 
The Tup1 protein contains a helical structure at the N-terminal region that is 
important for interaction with Cyc8 (as called Ssn6).  The C-terminal region of Tup1 
contains seven repeats of a WD40 motif that fold into a β-transducin-like propeller 
structure required for its tetramerization and interaction with other proteins (Figure 1.2) 
(Sprague, Redd et al. 2000, Green and Johnson 2005).  The Tup1 co-repressor family is 
evolutionarily conserved in fungi, plants and animals, including the Drosophila Groucho 
(Gro) and its mammalian homolog Transducin-like enhancer of split (TLE) proteins, as 
well as Arabidopsis LUG and TPL-TPR-WSIP, all of which are characterized by 
conserved C-terminal WD-repeats (Figure 1.2) (Liu and Karmarkar 2008).  Cyc8 
comprises 10 tandem copies of a tetratricopeptide (TPR) motif, which is required for 
interaction with Tup1 (Jabet, Sprague et al. 2000).  Distinct TPR motifs of Cyc8 are 
involved in its interaction with different DNA-binding proteins for repression of specific 
genes (Tzamarias and Struhl 1995). 
 





1.3.3 Mechanisms of the Cyc8-Tup1 co-repressor 
Several models that are not mutually exclusive have been proposed to explain how 
the Cyc8-Tup1 complex represses transcription once it is recruited to the promoter of its 
target genes in yeast. 
(1) Recruitment of histone deacetylases (HDACs) to alter the local chromatin 
structure.  Both Cyc8 and Tup1 have been shown to interact with histone deacetylase 
(HDACs), including Rpd3, Hos1, and Hos2, which in turn deacetylates histones at target 
promoters (Davie, Edmondson et al. 2003).  In general, decreased acetylation of histone 
proteins diminishes the level of transcription. 
(2) Nucleosome positioning at the promoter.  This model is proposed based on the 
finding that positioned nucleosomes in the promoter region of Tup1-regulated genes 
occlude the transcription initiation site and TATA box to limit the accessibility of trans-
acting factors (Shimizu, Roth et al. 1991, Patterton and Simpson 1994).  Nucleosome 
positioning is observed at RNR2, RNR3, FLO11, ANB1 and some a-specific genes when 
they are repressed by the Cyc8-Tup1 complex (Malave and Dent 2006). 
(3) Interaction with components of the RNA Pol II mediator complex.  Mediator is a 
multiprotein complex that regulates gene transcription by interacting with transcription 
regulatory factors and assembling the RNA polymerase II (Pol II) subunits (Allen and 
Taatjes 2015).  Several observations have suggested that genetic association between the 
Cyc8-Tup1 co-repressor and mediator components Srb8, Srb9, Srb10, Srb11, Sin4, Rgr1, 
Rox3, and Hrs1 play roles in transcriptional repression (Lee, Chatterjee et al. 2000).  In 
addition, it is found that Tup1 directly interacts with the Srb10 (Cdk8) subunit to recruit a 




(4) Masking the activation domain of DNA-bound proteins.  The study by Wong and 
Struhl (2011) suggests that the Cyc8-Tup1 complex represses transcription by masking 
and inhibiting the activation domain of the DNA-bound transcription factors to prevent 
recruitment of co-activators such as the mediator complex (Wong and Struhl 2011). 
 
1.3.4 Study of the Cyc8-Tup1 co-repressor in filamentous fungi 
In Neurospora crassa, the RCM-1 and RCO-1 genes, which are orthologous to yeast 
CYC8 and TUP1, are required for hyphal fusion, normal hyphal morphology, and sexual 
development (Aldabbous, Roca et al. 2010).  In Aspergillus nidulans, deletion of rcoA, 
the ortholog of TUP1, resulted in gross defects in vegetative growth, asexual spore 
production and sterigmatocystin (ST) biosynthesis (Hicks, Lockington et al. 2001).  
However, unlike yeast, rcoA is not involved in carbon catabolite repression (Garcia, 
Mathieu et al. 2008) and deletion of the putative SSN6 ortholog, SsnF, is lethal in A. 
nidulans (Garcia, Mathieu et al. 2008).  In Ustilago maydis, Tup1 plays a key role in 
morphology switch of the yeast to hypha transition. Deletion of TUP1 significantly 
impairs the mating and filamentation capacity of U. maydis, which in turn leads to 
reduced virulence (Elias-Villalobos, Fernandez-Alvarez et al. 2011).  In V. dahliae, CYC8 
is required for normal growth, sporulation, microsclerotium formation, and full virulence 






1.4 Research Justification and Objectives 
In many plant pathogenic fungi, cAMP signaling plays an important role in various 
differentiation and infection processes.  M. oryzae has two PKA catalytic subunits, CPKA 
and CPK2, which are thought to have overlapping functions.  Although CPKA regulates 
surface recognition and turgor generation in appressoria, it is dispensable for growth, 
conidiation, and infection through wounding (Xu and Hamer 1996).  Deletion of both 
PKA catalytic subunit genes, CPKA and CPK2, is assumed to be lethal in M. oryzae and 
other filamentous ascomycetes.  It is not clear what is the impact without PKA activity 
and how PKA regulates growth-related genes in M. oryzae.  This study aims to further 
characterize the function of PKA by deletion of both PKA catalytic subunit genes and 
identification of the downstream targets by characterization of suppressor mutations that 
can rescue the growth defects of the cpkA cpk2 mutant.  The following three objectives 
will be addressed in this dissertation: 
Objective 1: Investigate the phenotype of the cpkA cpk2 mutant.  This objective is 
covered in Chapter 2.  The hypothesis in Objective 1 is that PKA plays important a role 
in infection-related morphogenesis. 
Objective 2: Identify and analyze genetic mutations occurred in the fast-growing 
suppressors.  This objective is covered in Chapter 3.  The hypothesis in Objective 2 is 
that the genetic mutations in MoSfl1 are responsible for the suppressors of the cpkA cpk2 
double mutant. 
Objective 3: Determine the function and activation of MoSfl1 by the cAMP-PKA 
pathway.  This objective is covered in Chapter 3.  The hypothesis in Objective 3 is that 
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CHAPTER 2.  CAMP-DEPENDENT PROTEIN KINASE A REGULATES GROWTH 
AND PATHOGENIC DIFFERENTIATION IN THE RICE BLAST FUNGUS 
MAGNAPORTHE ORYZAE 
2.1 Abstract 
The conserved cyclic AMP-dependent protein kinase A (cAMP-PKA) signaling 
pathway plays a critical role in the regulation of a variety of cellular processes in 
eukaryotic cells responding to extracellular cues.  In Magnaporthe oryzae, components of 
the cAMP-PKA pathway have been shown to be required for surface recognition, 
appressorium morphogenesis, and pathogenicity.  However, the role of PKA is not well 
characterized because of the functional redundancy of the two PKA catalytic subunits 
CPKA and CPK2 in M. oryzae.  To identify the critical roles of PKA in growth and 
pathogenicity, we generated the cpkA cpk2 double mutant.  Unlike the cpkA and cpk2 
single mutants, the cpkA cpk2 double mutant had severe defects in growth and 
conidiation.  Although deletion of both CPKA and CPK2 results in an increased 
intracellular cAMP level and overactivation of the Pmk1 MAP kinase, the double mutant 
failed to form appressoria and was non-pathogenic.  However, the rate of conidium 
germination was reduced on hydrophilic surfaces compared with that on hydrophobic 
surfaces in the double mutant, indicating that M. oryzae still can sense surface signals 








Magnaporthe oryzae is the causal agent of rice blast, which is one of the most 
important diseases on rice worldwide (Dean, Talbot et al. 2005).  In addition, a wheat-
adapted population of M. oryzae recently has appeared in South America to cause wheat 
blast, which now poses a threat to global wheat production (Christian, William et al. 
2012).  It has been considered as a major threat to global food security (Fisher, Henk et al. 
2012).  M. oryzae has been developed as a model organism to study fungal-plant 
interactions because of its economic importance and the experimental tractability (Dean, 
Talbot et al. 2005, Wilson and Talbot 2009).  For plant infection, the fungus forms a 
highly specialized infection cell called an appressorium to penetrate the plant cuticle and 
cell wall (Dagdas, Yoshino et al. 2012).  After penetration, the narrow penetration peg 
differentiates into bulbous invasive hyphae (Kankanala, Czymmek et al. 2007).  
Formation of appressoria requires a hard, hydrophobic surface and can be induced by 
cAMP, cutin monomers, or primary alcohols (Wilson and Talbot 2009, Liu, Zhou et al. 
2011). 
During the past two decades, several signal transduction pathways have been 
identified that regulate surface recognition, appressorium formation, and invasive growth 
in M. oryzae (Xu and Hamer 1996, Xu, Urban et al. 1997, Xu, Staiger et al. 1998, Dixon, 
Xu et al. 1999).  The cAMP signaling pathway is involved in surface recognition and 




which encodes adenylate cyclase, results in mutants that cannot form appressoria (Choi 
and Dean 1997).  The CAP1 gene was recently reported to be involved in Mac1 
activation (Zhou, Zhang et al. 2012).  Several components of heterotrimeric G-proteins, 
and their negative regulator Rgs1, have been identified as upstream components of the 
cAMP-PKA pathway (Wilson and Talbot 2009, Zhang, Tang et al. 2011).  PdeH, as a 
high-affinity cAMP phosphodiesterase to dynamically regulate cAMP signaling during M. 
oryzae development, is crucial for successful establishment and spread of the blast 
disease (Ramanujam and Naqvi 2010).  Two of the downstream transcription factors of 
the cAMP-PKA pathway in M. oryzae are SOM1 and CDTF1 that are important for 
sporulation and appressorium formation (Yan, Li et al. 2011). 
In M. oryzae, the Pmk1 MAP kinase, a homolog of yeast MAPK FUS3/KSS1, is 
essential for appressorium formation and infectious hyphal growth (Xu and Hamer 1996).  
Msb2 and Sho1 have been reported to function as upstream sensors of the Pmk1 pathway 
for recognizing surface chemical signals (Liu, Zhou et al. 2011).  Ras2 is an essential 
gene in M. oryzae and it may function upstream from both the Pmk1 and cAMP signaling 
pathways (Zhou, Zhang et al. 2012).  Both the MEK Mst7 and MEK kinase Mst11 
interact with the adaptor protein Mt50 (Park, Xue et al. 2006, Zhao and Xu 2007) to 
activate the Pmk1 MAP kinase.  Several downstream targets of the Pmk1 pathway have 
been identified, including Mst12, Mcm1, Sfl1, MoHox7 and Pth12 (Park, Xue et al. 2002, 
Kim, Park et al. 2009, Li, Zhou et al. 2011, Zhou, Liu et al. 2011). 
The cAMP-dependent protein kinase A (PKA) is the main and evolutionarily 
conserved cAMP effector of signal transduction in response to an assortment of chemical 




holoenzyme consists of two regulatory subunits and two catalytic subunits.  cAMP 
interacts with the PKA regulatory subunit, resulting in the detachment and activation of 
the catalytic subunits (Kim, Xuong et al. 2005).  In M. oryzae, CPKA has been identified 
to encode the PKA catalytic subunit (Xu and Hamer 1996).  However, deletion of CPKA 
does not show obvious effects on growth rate and conidiation in M. oryzae.  In addition, 
the cpkA mutant still forms appressoria as efficiently as the wild-type strains after 
incubation on hydrophobic surfaces for 24 h and responds to exogenous cAMP for 
appressorium formation on hydrophilic surfaces (Xu, Urban et al. 1997).  Thus, it has 
been proposed that a second gene encoding the PKA catalytic subunit must exist in M. 
oryzae and it likely plays a role in surface recognition and infection-related 
morphogenesis.   
The budding yeast Saccharomyces cerevisiae has three genes encoding the PKA 
catalytic subunits, TPK1, TPK2, and TPK3.  The triple mutants lacking the TPK1, TPK2, 
and TPK3 catalytic subunit genes are inviable (Pan and Heitman 1999).  The fission yeast 
Schizosaccharomyces pombe has only one gene, PKA1, encoding the catalytic subunit.  
Deletion of PKA1 results in slow cell growth but is not lethal (Maeda, Watanabe et al. 
1994).  Aspergillus fumigatus contains two PKA catalytic genes in its genome, PKAC1 
and PKAC2.  The pkaC1 pkaC2 double deletion mutant is delayed in conidium 
germination in response to environmental nutrients and is significantly reduced in 
virulence (Fuller, Richie et al. 2011).  In Fusarium graminearum, deletion of both PKA 
catalytic subunit genes CPK1 and CPK2 caused severe defects in growth and conidiation.  
The cpk1 cpk2 double mutant was sterile in sexual reproduction and nonpathogenic (Hu, 




To test our hypothesis that PKA in M. oryzae has important function in infection-
related development, we generated the cpk2 mutant and cpkA cpk2 double mutant in this 
study.  Our results demonstrate that CPKA and CPK2 have functional redundancy and 
PKA is essential for growth and infection-related differentiation.  In addition, the cAMP-
PKA signaling pathway may cross-talk with the MAP kinase pathways. 
 
2.3 Materials and Methods 
2.3.1 Stains and growth media 
Wild-type strains Guy11 (MAT1-2), and all related mutants (Table 2.1) were 
cultured on oatmeal agar (OTA) plates at 25°C under fluorescent light for conidiation and 
stored on desiccated Whatman #1 filter paper at -20°C.  Transformants were selected on 
medium with 250 µg/ml of hygromycin B (CalBiochem) or geneticin G418 (Sigma) as 
described (Park, Xue et al. 2006).  Monoconidial culture isolation, measurement of 
growth rate and conidiation were performed as previously described (Li, Xue et al. 2004, 
Park, Xue et al. 2006). 
 
Table 2.1 Wild-type and mutant strains of Magnaporthe oryzae used in this study 
Strain Genotype description Reference 
Guy11 Wild type (MAT1-2) (Leung, Borromeo et al. 1988) 
nn78 pmk1 mutant (Xu and Hamer, 1996) 
M3H51 mps1 mutant (Xu et al., 1998) 
I-27 cpkA deletion mutant (Xu, Urban et al. 1997) 
YP18 cpk2 deletion mutant This study 
CAC2 cpkA cpk2 deletion mutant This study 
KAS5 SUM1-S and CPKA-3×FLAG transformant of 
Guy11 
This study 





2.3.2 Generation of the cpk2 mutant and the cpkA cpk2 double mutant 
The double-joint PCR method (Yu, Hamari et al. 2004) was used to generate the 
CPK2 gene-replacement vectors.  The 1.2-kb upstream and downstream flanking 
sequences of CPK2 were amplified with primer pairs 1F/ 2R and 3F/4R, respectively 
(Figure 2.1A).  The hph cassette was amplified with primers Hyg/F and Hyg/R from 
pCX63 (Zhao, Kim et al. 2005).  The resulting products of double-joint PCR were 
transformed into protoplasts of the wild-type strain Guy11.  Putative cpk2 mutants were 
screened by PCR with primers 5F and 6R and further confirmed by Southern blot 
analyses with the CPK2 gene and its upstream flanking sequence as the probes.  Genomic 
DNA was extracted from mycelia by the CTAB protocol (Xu and Hamer 1996).  All the 
primers used in this study were listed in Table 2.2. 
The same strategy was used to generate the CPKA gene-replacement vector.  The 
1.2-kb upstream and downstream flanking sequences of CPKA were amplified with 
primer pairs A1F/A2R and A3F/A4R, respectively (Figure 2.1A).  The G418 cassette was 
amplified with primers G418/F and G418/R from pFl7.  The products of double-joint 
PCR were transformed into protoplasts of the cpk2 mutant.  Putative CPKA deletion 
mutants were screened by PCR and confirmed by Southern blot analysis. 
 
2.3.3 Appressorium formation, penetration, and plant infection assays 
Conidia were harvested from 10-day-old OTA cultures and resuspended to 5×104 
conidia/ml in sterile distilled water.  For appressoria formation assays, 50 µl droplets of 
conidial suspensions were placed on glass cover slips (Fisher Scientific) or GelBond 




2012).  To assay its stimulatory effect on appressoria formation, IBMX, cAMP, and cutin 
monomer (1,16-hexadecanediol) were added to the final concentrations of 2.5 mM, 10 
mM, and 10 µM, respectively, to conidium suspensions (Kong, Li et al. 2013).  For 
infection assays, conidia were resuspended to 5×104 conidia/ml in 0.25% gelatin.  Two-
week-old seedlings of CO-39 were used for spray or injection infection assays as 
described (Li, Xue et al. 2004, Zhou, Liu et al. 2011). Lesion formation was examined 7 
days post inoculation (dpi). 
 
2.3.4 qRT-PCR analyses 
RNA was isolated from vegetative hyphae harvested from 2-day-old liquid CM 
cultures (Zhou, Liu et al. 2011).  The resulting RNA samples were used to synthesize 
first-strand cDNA with the AccuScript first-strand cDNA synthesis kit (Stratagene).  RT-
PCR was performed with the Stratagene Gene MX 3000 PM using the RT2 Real-
TimeTM SYBR Green/ROX PCR master mixture (SABiosciences).  Primers used for 
qRT-PCR assays for CPKA and CPK2 were listed in Table 2.2.  The relative expression 
level of each gene was calculated by the 2-ΔΔCT method (Livak and Schmittgen 2001) 
with the β-tubulin gene MGG_00604.6 as the internal control.  Mean and standard 
deviation were determined with data from three biological replicates. 
 
2.3.5 Generation of S or 3×FLAG fusion constructs 
The entire SUM1, CPKA and CPK2 genes were amplified and cloned into the 
pXY203 or pFl7 (Zhou, Li et al. 2011, Zhou, Liu et al. 2011) vectors by the yeast gap 




3×Flag, CPK2-3×Flag fusion constructs were confirmed by sequencing analysis and 
transformed into Guy11. 
 
2.3.6 Protein isolation and western blot analysis 
Vegetative hyphae were harvested from 2-day-old CM cultures and used for protein 
extraction as described (Bruno, Tenjo et al. 2004, Ding, Liu et al. 2010).  Total proteins 
(approximately 20 mg) were separated on a 12.5% SDS-PAGE gel and transferred to 
nitrocellulose membranes for western blot analysis (Liu, Zhou et al. 2011).  TEY and 
TGY specific phosphorylations of MAP kinases were detected with the PhophoPlus 
p44/42 and p38 MAP kinase antibody kits (Cell Signaling Technology) following the 
manufacturer’s instructions. 
 
2.3.7 Co-immunoprecipitation and affinity purification 
To confirm the interaction between Sum1 and CpkA, and Sum1 and Cpk2 in vivo, 
the CPKA-3×FLAG and CPK2-3×FLAG were co-transformed with SUM1-S into 
protoplasts of the wild-type strain Guy11. The resulting transformant KAS5 were 
detected to express Sum1-S and CpkA-3×FLAG by Western blot, and the transformant 
KZS2 was detected to express Sum1-S and Cpk2-3×FLAG by Western blot.  Total 
proteins were isolated from KAS5 and KZS2, and incubated with anti-S-Tag Antibody 
Agarose (Bethyl Laboratories).  Proteins bound to anti-S-Tag agarose were eluted after a 
series of washing steps as described (Ding, Liu et al. 2010, Zhou, Zhang et al. 2012).  








Table 2.2 PCR primers used in this study 
Name  Sequence (5’-3’) Applications 
A1F GTGACACCAACAAGCATCCAACTT CPKA knockout 
A2R CAGATACGGCAGAGAAATCGCAACCTCCGAGGCGACA
ATGGGGATTCCTGC CPKA knockout 
A3F GTTTAGATTCCAAGTGTCTACTGCTGGCGAGGCTATGA
TTTGTATTCCACCGG CPKA knockout 
A4R TCGTGCGAAAAAATCCCTCCCCTG CPKA knockout 
A5F ACTATTGATCCGCAACAAAGCCTG CPKA knockout 
A6R AACTTACCCCCGATTTTCTCAGTA CPKA knockout 
G418/F TCATTGTCAGATACGGCAGAGAAA CPKA knockout 
G418/R CTCTTAATACATCAGACAGTACATGC CPKA knockout 
1F GAGTCGGGATATGCACCAAGTT CPK2 knockout 
2R TTGACCTCCACTAGCTCCAGCCAAGCCGGAAGGAATCATCCCCGACGAA CPK2 knockout 
3F GAATAGAGTAGATGCCGACCGCGGGTTGTAAAAGCTCAAGCGGAAATCC CPK2 knockout 
4R CTTCTTTTTCCTTGCGGTGGTT CPK2 knockout 
5F GAGATTCATCTGCACAAAGCTCAAAT CPK2 knockout 
6R TTTTGTTAAACTGCTTTGCCCATTGT CPK2 knockout 
HYG/F GGCTTGGCTGGAGCTAGTGGAGGTCAA CPK2 knockout 
HYG/R AACCCGCGGTCGGCATCTACTCTATTC CPK2 knockout 
Sum1-S/F ACTCACTATAGGGCGAATTGGGTACTCAAATTGGTTGCCCGTGCTGGGGTTTCGGAGC SUM1-S 
Sum1-S/R TTCGAATTTAGCAGCAGCGGTTTCTTTGGCAGCCTGTAGTGGATCCATT SUM1-S 
CpkA/FL7F CGACTCACTATAGGGCGAATTGGGTACTCAAATTGGAGCCCCTCGTTGTCGACTGCTTGT CPKA-3×FLAG 
CpkA/FL7F CTTTATAATCACCGTCATGGTCTTTGTAGTCGAATCCAGGGAACAAATTCCCGTA CPKA-3×FLAG 
Cpk2/FL7F CGACTCACTATAGGGCGAATTGGGTACTCAAATTGGGGCCATCTCTCACACCGATTCTAG CPK2-3×FLAG 







2.4.1 CPKA and CPK2 have functional redundancy in morphogenesis and 
pathogenicity 
In the budding yeast, the catalytic subunits of PKA are encoded by the TPK1, TPK2, 
and TPK3 genes that have redundant functions for viability (Toda, Cameron et al. 1987).  
In M. oryzae, the second PKA catalytic subunit CPK2 (MGG_02832) was identified by 
analysis with the Basic Local Alignment Search Tool Blastp Program.  CpkA and Cpk2 
share 48% amino acid identity.  They are heterogeneous in length but highly conserved in 
the C-terminal region.  Both of them contain a protein kinase domain and an AGC-kinase 
C-terminal domain (Figure 2.2A).  To determine its function, we generated the cpk2 
deletion mutant in M. oryzae.  The CPK2 gene replacement vector (Figure 2.1A) was 
constructed by replacing the CPK2 open reading frame (ORF) with the hph gene and 
transformed it into the wild-type strain Guy11.  One cpk2 gene replacement mutant was 
identified by PCR and confirmed by Southern blot analysis (Figure 2.1B).  The growth 
rate of the cpkA (strain I-27, Table 2.1) and cpk2 mutants was measured on complete 
medium (CM) plates and under different nutritional conditions, including on minimal 
medium (MM) plates and complete medium plates without nitrogen (CM-N) or carbon 
(CM-C).  The cpkA mutant had similar growth rate with the wild-type strain Guy11 on 
CM, MM, and CM-N plates.  But it had a reduced growth rate on CM-C plates in 
comparison with Guy11.  The growth rate of the cpk2 mutant was slightly reduced in 
comparison with that of the wild-type strain Guy11 on all the media tested (Table 2.3). 
The growth rate of the cpk2 mutant was more significantly reduced than that of the wild 




CM-C plates.  However, deletion of CPK2 had no effects on conidiation, appressorium 
formation, or pathogenicity (Table 2.3, Figure 2.5). 
To further characterize the function of PKA, we also generated the cpkA cpk2 
double mutants in M. oryzae.  The CPKA (MGG_06368) gene replacement construct 
(Figure 2.1A) was generated with the split-marker approach and transformed into the 
cpk2 mutant.  The cpkA cpk2 double mutant was obtained and confirmed by Southern 
blot analysis (Figure 2.1B).  Unlike in yeast, deletion of both PKA catalytic subunit genes 
CPKA and CPK2 was not lethal in M. oryzae but resulted in more defects in growth and 
infection, suggesting that CPKA and CPK2 have partial functional redundancy.  
To determine whether deletion of one catalytic subunit gene affects the expression 
of the other one, quantitative RT-PCR (qRT-PCR) was performed to measure the 
expression levels of CPKA and CPK2 in the corresponding mutants.  In RNA samples 
isolated from 48h CM cultures, the expression levels of CPKA and CPK2 were similar 
between the wild type and the cpk2 or cpkA single mutants (Figure 2.2B), indicating that 






Figure 2.1 Gene replacement of CPKA and CPK2.  (A) The CPKA gene-replacement 
construct was constructed by amplifying the upstream and downstream flanking 
sequences with primers A1F/A2R and A3F/A4R and ligated into the G418 cassette.  H, 
HindIII; K, KpnI.  The CPK2 gene-replacement construct was constructed by amplifying 
the upstream and downstream flanking sequences with primers 1F/2R and 3F/4R and 
ligated into the hph cassette.  H, HindIII; N, NcoI.  Probe 1 and probe 2 are PCR 
fragments amplified with primers A5F/A6R and 5F/6R, respectively.  (B) DNA gel blot 
analyses of the wild-type strain (Guy11) and the cpkA cpk2 double mutant (CAC2).  For 
the blot at left, DNA samples were digested with HindIII and KpnI and hybridized with 
probe 1.  For the blot at right, DNA samples were digested with HindIII and NcoI and 
hybridized with probe 2.  The cpkA cpk2 double mutant had a 4.0-kb instead of the 3.0-kb 
band that hybridized with probe 1 and a 2.6-kb instead of the 3.3-kb band hybridized with 





Table 2.3 Growth rate and conidiation 
 
Growth rate (mm/day) a 






Strain CM MM CM-N CM-C     
Guy11 3.0±0.0 A 2.4±0.1 A 3.0±0.1 A 2.6±0.0 A  88.7±8.8 A  97±3 A 
cpkA 2.9±0.1 A 2.3±0.1 A 2.9±0.0 A 2.1±0.0 B  92.2±6.7 A  96±3 A 
cpk2 2.5±0.1 B 1.9±0.1 B 2.4±0.1 B 2.0±0.1 B  84.8±5.8 A  97±2 A 
cpkA cpk2 1.4±0.1 C 0.9±0.1 C 1.2±0.0 C 0.8±0.0 C  Rare  0 B 
a For growth rate and conidiation measurements, means and standard errors were 
calculated from at least three independent measurements.  Data were analyzed with 
Duncan's pair wise comparison.  Different letters mark statistically significant differences 
(P = 0.05). 
b Percentage of germ tubes that formed appressoria on the hydrophobic side of GelBond 







Figure 2.2 Domain structures of CPKA and CPK2 and qRT-PCR assays for their 
expression levels.  (A) Domain structures of CpkA and Cpk2.  The hatched and block 
closed boxes in the protein kinase domain represent Protein kinases ATP-binding region 
and Serine/Threonine protein kinase active-sites, respectively.  (B) Expression of the 
CPKA and CPK2 genes in the cpkA and cpk2 mutants measured by qRT-PCR.  The 






2.4.2 The cpkA cpk2 double mutant has severe growth defects and it is unstable 
Compared to the wild-type strain Guy11 and the single mutants, the growth rate of 
the cpkA cpk2 double mutant was significantly reduced (Table 2.3, Figure 2.3A).  Similar 
to the cpk2 mutant, the cpkA cpk2 double mutant was more sensitive to nutritional 
starvation, especially for carbon starvation (Table 2.3, Figure 2.3A).  These results 
suggest that PKA catalytic subunits are involved in regulating metabolism processes and 
responses to nutritional stresses in M. oryzae. 
Interestingly, the cpkA cpk2 mutants were unstable when cultured on the oatmeal 
agar plates, and the fast-growing spontaneous suppressors became visible in some cpkA 
cpk2 colonies older than 10 days (Figure 2.3B).  Under the culture conditions, the cpkA 
and cpk2 mutants were stable and never produced sectors.  Interestingly, the cpkA cpk2 
mutants appeared to be stable when cultured on CM plates and fast-growing spontaneous 






Figure 2.3 Growth rate and colony morphology of the single and double mutant of CPKA 
and CPK2.  (A) Colony morphology of Guy11, I-27 (the cpkA mutant), YP18 (the cpk2 
mutant), and CAC2 (the cpkA cpk2 mutant) when cultured on the CM, MM, CM-N and 
CM-C plates at room temperature for 7 days.  (B) Spontaneous suppressors appeared on 





2.4.3 Conidiation is significantly reduced in the cpkA cpk2 double mutant 
Because the cpkA cpk2 double mutant is unstable on OTA plates, we measured 
conidiation with CM cultures or OTA cultures before spontaneous suppressors occurred.  
Unlike the cpkA and cpk2 single mutants, the cpkA cpk2 double mutant rarely produced 
conidia.  After inducing for conidiation for two days, only a few conidia were observed in 
each culture plate.  Under the same conditions, over 1×107 conidia/plate were produced 
by the wild type.   
 
2.4.4 PKA catalytic subunits are essential for appressoria formation 
Previous studies have showed that cAMP signaling regulates surface recognition in 
M. oryzae.  To determine the impact of PKA on surface recognition, we examined 
conidium germination and appressorium formation of the double mutant on the 
hydrophilic and hydrophobic surfaces.  On artificial hydrophobic surfaces, almost all the 
conidia of the cpkA cpk2 double mutant germinated but failed to form appressoria at 24 
hpi.  Under the same experimental conditions, over 97% of wild-type germ tubes formed 
appressoria (Figure 2.4A).  Therefore, deletion of two PKA catalytic subunits completely 
blocked appressoria formation.  Even after prolonged incubation (over 72hpi), no 
appressorium formation was observed in the double mutant.  Interestingly, we observed 
that over 90% of the cpkA cpk2 germ tubes were curved and were wider than the germ 
tubes produced by Guy11.  The majority (over 83%) of these curved germ tubes curled 
clockwise (viewed from the germination site on conidium) (Figure 2.4A).  
On the hydrophilic surface of Gelbond membranes, only 23% of conidia germinated 




mutant is the same.  Unlike on the hydrophobic surface, the cpkA cpk2 mutant, similar to 
the wild-type strain, formed straight germ tubes, but these germ tubes were much shorter 
than those of Guy11.  
Because exogenous cAMP, IBMX, and cutin monomers are known to trigger 
appressorium formation in M. oryzae, we assayed their effects on the cpkA cpk2 mutant.  
In the presence of 10 mM cAMP, over 95% of the wild-type germ tubes formed 
appressoria on hydrophilic surfaces.  However, exogenous cAMP had no effects on either 
conidium germination or appressorium formation in the cpkA cpk2 mutant (Figure 2.4B).  
The same results were obtained when the double mutant was treated with IBMX or cutin 
monomers, indicating that exogenous cAMP, IBMX, and cutin monomers that target the 
upstream components of the cAMP-PKA pathway failed to rescue the appressorium 






Figure 2.4 Appressorium formation assays.  (A) Conidia from the wild-type strain Guy11 
and the cpkA cpk2 double mutant were incubated on the hydrophobic and hydrophilic 
surfaces of GelBond membranes for 24 h.  Bar = 10 µm.  (B) Appressorium formation 
assays with Guy11 and the cpkA cpk2 mutant in the presence of 10 mM cAMP on the 






2.4.5 The cpkA cpk2 double mutant failed to infect intact leaves or through wounding 
sites 
To determine the role of PKA catalytic subunits in plant infection, we conducted 
spray infection assays with Guy11, the cpkA and cpk2 single mutants, and the cpkA cpk2 
double mutant with two-week-old rice seedlings of cultivar CO-39.  Whereas numerous 
blast lesions were observed on leaves sprayed with Guy11 or the cpk2 mutant, no typical 
blast lesions were caused by the cpkA and cpkA cpk2 mutants (Figure 2.5).  Because the 
cpkA cpk2 mutant failed to form appressoria to penetrate the plant surface, we further 
examined its virulence by injecting spore suspensions with needles into an area a few 
centimeters below the rice leaf whorl.  Consistent with the previous study, the cpkA 
mutant can infect through wounding sites, whereas the cpkA cpk2 mutant failed to cause 
lesions at the wounding sites (Figure 2.5).  These results indicate that PKA plays a 






Figure 2.5 Rice infection assays.  Leaves of two-week-old rice seedlings were sprayed or 
injected with conidial suspensions of Guy11, I-27 (the cpkA mutant), YP18 (the cpk2 
mutant) and CAC2 (the cpkA cpk2 mutant).  Inoculation with 0.25% gelatin was used as 







2.4.6 Both CpkA and Cpk2 interact with the Sum1 PKA regulatory subunit  
In M. oryzae, the PKA regulatory subunit is encoded by SUM1.  To confirm the 
interaction between the PKA catalytic subunits and regulatory subunit, co-
immunoprecipitation (co-IP) assays were performed.  The SUM1-S, CPKA-3×FLAG and 
CPK2-3×FLAG constructs were generated and transformed into the wild-type strain 
Guy11 in pairs.  The resulting transformants KAS5 (SUM1-S/CPKA-3×FLAG) and 
KZS2 (SUM1-S/CPK2-3×FLAG) (Table 2.1) were confirmed by PCR and western blot 
analyses to express the transforming fusion constructs.  For co-IP assays, total proteins 
were extracted from fresh hyphae and incubated with anti-S-Tag antibody agarose beads 
(Bethyl Laboratories).  The immunoprecipitated proteins were eluted from anti-S-Tag 
agarose beads and analyzed by western blot detection.  In the transformant KAS5, CpkA-
3Flag was detected with an anti-FLAG antibody in both the total and immunoprecipitated 
proteins (Figure 2.6A).  In the transformant KZS2, the Cpk2-3Flag band was also 
detected with an anti-FLAG antibody in both the total proteins and proteins precipitated 
with anti-S-Tag agarose beads (Figure 2.6B).  These results indicate that both CpkA and 






Figure 2.6 The physical interactions of Sum1-CpkA and Sum1-Cpk2 were confirmed by 
co-IP.  Western blots of total proteins (Input) and the proteins immunoprecipitated (IP) 
by anti-S-Tag antibody agarose from transformants (A) KAS5 (Sum1-S and CpkA-
3×FLAG) and (B) KZS2 (Sum1-S and Cpk2-3×FLAG) were detected with anti-S, anti-
FLAG, or anti-actin antibodies.  Total proteins isolated from the wild-type strain Guy11 






2.4.7 The intracellular cAMP level is significantly increased in the cpkA cpk2 mutant 
To determine whether deletion of CPKA and CPK2 has a feedback effect on the 
upstream components of the cAMP-PKA pathway, we measured the intracellular cAMP 
level of the single and double mutants in vegetative hyphae cultured in liquid CM.  In the 
cpk2 mutant, the intracellular cAMP level was similar to that of the wild-type strain.  
However, the cpkA mutant and cpkA cpk2 double mutant were increased approximately 
1.5-fold and 3-fold in the intracellular level in comparison with the wild type, 






Figure 2.7 The intracellular cAMP level in the wild type and mutant strains.  The 
intracellular cAMP levels were assayed with vegetative hyphae of the wild-type strain 
Guy11 and the cpkA (I-27), cpk2 (YP18), and cpkA cpk2 (CAC2) mutants.  Mean and 






2.4.8 Deletion of PKA catalytic subunits interferes with multiple MAPK signaling 
pathways 
In M. oryzae, both the PMK1 MAP kinase and cAMP-PKA signaling pathways 
regulate appressorium formation and plant infection.  PMK1 may function downstream 
from cAMP signaling because the pmk1 mutant still responded to exogenous cAMP to 
initiate germ tube tip deformation but failed to complete the formation of mature 
appressoria.  To determine the activation level of Pmk1, we assayed the phosphorylation 
level of Pmk1 with an anti-TpEY specific antibody.  Surprisingly, although Pmk1 
expression was not affected, the activation of Pmk1 was increased in the cpk2 and cpkA 
cpk2 mutants compared to the wild-type strain (Figure 2.8A).  The phosphorylation level 
of Pmk1 was higher in the cpkA cpk2 double mutant than in the cpkA mutant.  Under the 
same experimental conditions, the phosphorylation level of Mps1 was decreased in the 
cpk2 and cpkA cpk2 mutants (Figure 2.8A).  Osmoregulation is mediated by the Osm1 
MAP kinase, the third MAPK in M. oryzae (Dixon 1999).  When detected with an anti-
TpGY antibody, the cpkA and cpkA cpk2 mutants had a reduced level of Osm1 






Figure 2.8 Western blot analysis for assaying the activation of Pmk1, Mps1 and Osm1.  
(A) Total proteins were isolated from mycelia of Guy11, and the pmk1, mps1, cpkA, cpk2, 
and cpkA cpk2 mutant cultured for 2 days in liquid CM.  The bottom panel was detected 
with an anti-actin antibody to show similar amount of total proteins was loaded in each 
lane.  The band detected with an anti-Pmk1 antibody (middle panel) showed the Pmk1 
expression level in all the strains, with the pmk1 deletion mutant as the negative control.  
The band detected with an anti-TpEY (top panel) antibody showed the phosphorylation 
level of Pmk1 (42-kD) or Mps1 (46-kD).  (B) The 41-kD Osm1 band was detected with 







The cAMP-PKA signal transduction pathway is known to be involved in infection-
related morphogenesis and plant infection in the rice blast fungus M. oryzae.  Protein 
kinase A, which functions as core a component in the cAMP signaling pathway, contains 
two catalytic subunits CpkA and Cpk2.  The function of CPKA has been characterized in 
previous studies (Xu and Hamer 1996).  However, CPKA is dispensable in growth and 
conidiation.  The deletion of CPKA only results in delayed formation of appressoria (Xu 
and Hamer 1996).  This phenotype cannot explain the important role of PKA in the 
cAMP signaling pathway.  In this study, we identified the second PKA catalytic subunit 
CPK2 and confirmed that both CpkA and Cpk2 interact with the regulatory subunit Sum1 
by co-IP assays. 
Compared with the CPK single mutant, the double mutant showed significant 
deficiency in growth and conidiation, indicating that the existence of one PKA catalytic 
subunit can complement the deficiency of growth and conidiation caused by absence of 
another one.  And this complementation is not due to transcriptional regulation of each 
other because our qRT-PCR results show that the deletion of one CPK gene does not 
cause overexpression of the other CPK gene.  Even though the two PKA catalytic 
subunits have overlapping functions, they also have distinguishing features.  For example, 
the cpk2 mutant had a slightly reduced growth rate, whereas the cpkA mutant does not 
show obvious defects in growth under rich medium conditions but it is sensitive to carbon 
resource starvation.  The cpkA mutant is defective in appressoria formation and 
pathogenicity, but deletion of CPK2 has no effect on the pathogenicity-related process.  




organisms, which may be attributable to subtle differences in the conserved catalytic 
regions and to differences in their substrates. 
Lacking both CPKA and CPK2 absolutely blocked appressorium formation on a 
hydrophobic surface.  Our observation also showed that spore germination was reduced 
on the hydrophilic surface compare with that on the hydrophobic surface.  The reason for 
the reduced germination is unclear, but it suggests that the hydrophobic signal plays an 
important role in the spore germination process.  Without PKA activity, the spores 
showed low efficiency in surface attachment and germ tube emergence on the hydrophilic 
surface.  The cAMP-PKA pathway is known to function in surface recognition.  And 
adding exogenous cAMP is able to bypass the hydrophobic signals in the wild-type strain 
and partially restore the deficiency in appressoria formation caused by deletion of some 
MAPK components.  In our study, the appressoria formation assay showed the cpkA cpk2 
mutant is still able to sense a hydrophobic surface, suggesting that the hydrophobic 
signals initiating surface recognition may be involved in multiple signal transduction 
pathways besides the cAMP-PKA signaling.  Neither PMK1 nor PKA can simply block 
the surface recognition.  It is probably because of two reasons at least.  First, they have 
overlapping downstream substrates.  In M. oryzae, the transcription factor MoSFL1 is 
phosphorylated by both PMK1 and PKA (Li, Zhou et al. 2011).  Second, their 
downstream substrates may share redundant functions.  So far, we lack evidence to prove 
this point in M. oryzae.  But in S. cerevisiae, STE12 and FLO8 are the downstream 
targets of Kss1 (orthologous to Pmk1 in M. oryzae) in the MAPK pathway and cAMP 
pathway, respectively.  Overexpression of one of them can suppress the loss of the other 




We measured the cAMP level in the CPK single mutants and double mutant.  
Interestingly, the cpkA single mutant had an elevated cAMP level, and the elevated 
cAMP level was enhanced in the double mutant.  This result further confirms that the 
strains lacking PKA activity are unable to respond to cAMP to form appressoria.  In 
Aspergillus nidulans, it is reported that cAMP levels are elevated by about 250-fold in a 
strain that lacks PkaA (Fillinger, Chaveroche et al. 2002).  The elevation of cAMP level 
may be due to the disruption of PKA-independent feedback regulation.  In 
Saccharomyces cerevisiae, PKA exerts feedback systematically in several ways to 
regulate itself activity.  The negative feedback mechanisms include activating Pde1p and 
deactivating Ras2 via phosphorylation of Cdc25 (Williamson, Schwartz et al. 2009).  The 
low affinity cAMP phosphodiesterase Pde1p, which is orthologous to PdeL in M. oryzae, 
is the target of PKA for feedback inhibition of cAMP accumulation by hydrolysis of 
cAMP.  Pde1p can be phosphorylated by bovine PKA and leads to increased 
phosphodiesterase activity (Ma, Wera et al. 1999).  Without PKA activity, Pde1p may 
lose the function to decrease the cAMP level.  In addition, PKA phosphorylates Cdc25p 
to dissociate it from Ras2p, which leads to inactivation of adenylate cyclases (Gross, 
Goldberg et al. 1992).  Therefore, the absence of PKA activity failed to balance cAMP 
accumulation.  And our result suggests that CPKA plays primary role in the negative 
feedback regulation in M. oryzae. 
In the MAPK/PMK1 pathway, deletion of MAP kinase kinase kinase (MEKK) 
MST11 and MAP kinase kinase (MEK) MST7 caused much less conidia production and 
defects in appressorium formation.  However, their defects were able to be restored by 




allele (Zhao, Kim et al. 2005).  However, in our study, expressing the MST7S212D T216E 
dominant allele failed to rescue any deficiency in the cpkA cpk2 double mutant.  And in 
fact, our TEY assay showed that Pmk1 was hyper-activated in the cpkA cpk2 mutant.  
Therefore, we conclude that activating the cAMP-PKA pathway can partially recover the 
function of MAPK/PMK1 pathway, but activation of the MAPK/PMK1 pathway is 
unable to rescue the defect caused by absence of PKA.  It suggests that the PKA 
signaling pathway operates in parallel with the PMK1 pathway to regulate appressorium 
formation independently but it is more essential for growth and infection-related 
differentiation. 
In this study, the crosstalks between the cAMP and MAPK signaling pathways were 
the first time detected in M. oryzae.  In mammalian cells, ERK can be activated or 
inhibited by cAMP in a cell-specific manner (Stork and Schmitt 2002).  In M. oryzae, 
PMK1 is closely related to ERK-type kinase (Wilson and Talbot 2009).  Deletion of 
CPK2 or both CPKA and CPK2, but not CPKA alone, results in increased activation of 
Pmk1.  In contrast, cAMP-PKA seems to have opposite effects on another MAP kinase, 
Osm1, in M. oryzae.  However, we need more clues to reveal the mechanism of cross-talk 
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CHAPTER 3. PHOSPHORYLATION OF MOSFL1 BY PKA RELIEVES ITS 
INTERACTION WITH THE CYC8-TUP1 CO-REPRESSOR 
3.1 Abstract 
Identification and characterization of suppressor mutations is a powerful genetic 
method to identify genes that are functionally related to the gene of interest.  In 
Maganporthe oryzae, the cpkA cpk2 double mutant had severe growth defects and often 
produced fast-growing suppressors.  To further characterize the cAMP-PKA pathway, in 
this study, a total of 20 fast-growing suppressors of the cpkA cpk2 mutant were isolated.  
Four of them were selected to identify suppressor mutations by sequencing analysis.  In 
the suppressor strains CCS1 and CCS7, genetic mutations were identified in the 
transcription factor gene that is orthologous to yeast SFL1, which is involved in the 
suppression of flocculation.  Both deletion of MoSFL1 and truncation of the C-terminal 
region (CT, residues 496-588) suppressed the growth defect of the cpkA cpk2 mutant, 
suggesting that the C-terminal region is important to its function.  Affinity purification 
and co-IP analyses showed that truncation of the C-terminal region released the 
interaction of MoSfl1 with Cyc8 or Tup1.  Site-directed mutagenesis showed that 
phosphorylation of MoSfl1 at the S211 residue by PKA negatively regulates the 
interaction between MoSfl1 and the Cyc8-Tup1 complex.  Therefore, we conclude that 
the loss-of-function mutation in MoSfl1 can bypass PKA activity to suppress the growth 





In Magnaporthe oryzae and many other phytopathogenic fungi, cAMP signaling 
plays an important role in various differentiation and infection processes (Adachi and 
Hamer 1998, Ni, Rierson et al. 2005, Schumacher, Kokkelink et al. 2008, Choi and Xu 
2010, Tzima, Paplomatas et al. 2010, Kim, Park et al. 2011, Hu, Zhou et al. 2014).  Two 
genes, named CPKA and CPK2, encode the catalytic subunits of cAMP-dependent 
protein kinase A (PKA) and have been characterized in M. oryzae.  Deletion of both 
CPKA and CPK2 results in significant deficiency in growth, conidiation, appressorium 
formation and pathogenicity.  Interestingly, the cpkA cpk2 double mutant is unstable and 
produces fast-growing spontaneous suppressors after cultivation on oatmeal plates over 
10 days.  It is likely that suppressor mutations may occur at some of the conserved 
downstream targets of the cAMP-PKA pathway in fungi. 
In yeast, Sfl1is the transcription factor that directly targets PKA.  SFL1 is a heat 
shock factor-like transcription factor that can act as either a repressor or an activator 
(Fujita, Kikuchi et al. 1989, Galeote, Alexandre et al. 2007).  As a repressor, it is 
involved in repression of flocculation-related genes, including FLO11 and SUC2 (Song 
and Carlson 1998, Rupp, Summers et al. 1999).  As an activator, SFL1 is involved in the 
activation of stress-responsive genes such as HSP30 (Galeote, Alexandre et al. 2007).  In 
S. cerevisiae, Sfl1 forms homodimers to promote DNA binding (Pan and Heitman 2002).  
The PKA catalytic subunit Tpk2 negatively regulates the Sfl1 repressor function by 
prohibiting its dimerization and DNA binding (Pan and Heitman 2002).  In M. oryzae, a 
previous study has shown that MoSfl1 could also be phosphorylated by the PMK1 




does not affect vegetative growth but results in reduced virulence and heat tolerance (Li, 
Zhou et al. 2011). 
Several Sfl1-interacting proteins have been identified in budding yeast, including the 
Cyc8-Tup1 co-repressor and mediator proteins (Song and Carlson 1998, Conlan and 
Tzamarias 2001).  The Cyc8-Tup1 (also known as Ssn6-Tup1) complex is a well-studied 
co-repressor regulating transcription of many genes in the budding yeast (Parnell and 
Stillman 2011).  The Tup1 co-repressor family is evolutionarily conserved in fungi, 
plants, and animals, which share similarities not only in domain structures but also in 
repression functions (Braun and Johnson 1997, Fisher and Caudy 1998, Liu and 
Karmarkar 2008).  As a co-repressor, the Cyc8-Tup1 complex lacks intrinsic DNA-
binding activities and is recruited by sequence-specific DNA-binding transcription 
factors to the regulatory region of target genes (Smith and Johnson 2000).  In yeast, Cyc8 
(also called Ssn6) functions as an adaptor protein required for interaction between Tup1 
tetramers and DNA-binding transcription factors (Tzamarias and Struhl 1994).  To 
determine the specificity of genes to be repressed, the Cyc8-Tup1 complex interacts with 
different transcription factors with sequence-specific DNA binding, including Sfl1, Mig1, 
Crt1 and α2 (Smith and Johnson 2000, Conlan and Tzamarias 2001).  
Several models have been proposed to explain how the Cyc8-Tup1 complex may 
repress transcription in yeast.  First, Cyc8-Tup1 was found to interact with histone 
deacetylases (HDACs), including Rpd3, Hos1 and Hos2, to modify chromatin structure at 
target promoters (Davie, Edmondson et al. 2003).  Second, the repression of the Cyc8-
Tup1 complex could be achieved by nucleosome repositioning, which limits the 




Cyc8-Tup1 interacts with the mediator complex to prevent RNA polymerase II 
machinery from initiating transcription (Smith and Johnson 2000).  And fourth, Cyc8-
Tup1 masks and inhibits the activation domain of DNA-bound proteins to prevent the 
recruitment of transcription co-activators (including mediator) (Wong and Struhl 2011). 
In this study, two suppressor mutations in MoSFL1 were found to rescue the growth 
defects of the cpkA cpk2 mutant in M. oryzae.  We demonstrated that MoSfl1 interacts 
with the Cyc8-Tup1 co-repressor to negatively regulate vegetative growth in M. oryzae.  
This interaction can be relieved by PKA phosphorylation of MoSfl1.  However, without 
PKA activity in the cpkA cpk2 mutant, loss-of-function mutations in MoSfl1 also resulted 
in its dissociation from Cyc8-Tup1.  Furthermore, site-directed mutagenesis analysis 
indicates that S211 is an important PKA phosphorylation site in MoSfl1.  
 
3.3 Materials and Methods 
3.3.1 Strains and culture conditions 
The wild-type strain Guy11 (MAT1-2) and all the transformants generated in this 
study (Table 3.1) were cultured on oatmeal agar (OTA) plates or complete medium (CM) 
plates at 25°C and stored on desiccated Whatman #1 filter paper at -20°C (Park, Xue et al. 
2002).  Protoplast preparation and PEG-mediated transformation were performed as 
described (Park, Xue et al. 2006).  Transformants were selected on regeneration medium 
with 250 µg/ml hygromycin B (CalBiochem), 250 µg/ml geneticin G418 (Sigma), or 200 
µg/ml zeocin (Invitrogen).  Growth rate and conidiation were assayed with OTA cultures 




Table 3.1 Wild-type and mutant strains of Magnaporthe oryzae used in this study 
Strain Genotype description Reference 
Guy11 Wild type (MAT1-2) (Leung, Borromeo 
et al. 1988) 




Spontaneous suppressor mutants of cpkA cpk2 This study 
CTD2 cpkA cpk2 Mosfl1CT deletion mutant This study 
TKO4 cpkA cpk2 Mosfl1 deletion mutant This study 
SFL2 3×FLAG-MoSFL1 transformant of the cpkA cpk2 mutant This study 
SCT7 3×FLAG-MoSFL1ΔCT transformant of the cpkA cpk2 
mutant 
This study 
HYS4 MGG_06958-S and 3×FLAG-MoSFL1 transformant of the 
cpkA cpk2 mutant 
This study 
MCS49 MGG_13806-S and 3×FLAG-MoSFL1 transformant of the 
cpkA cpk2 mutant 
This study 
CYS15 CYC8-S and 3×FLAG-MoSFL1 transformant of the cpkA 
cpk2 mutant 
This study 
CNC19 CYC8-S and 3×FLAG-MoSFL1ΔCT transformant of the 
cpkA cpk2 mutant 
This study 
TSL6 TUP1-S and 3×FLAG-MoSFL1 transformant of the cpkA 
cpk2 mutant 
This study 
TCS28 TUP1-S and 3×FLAG-MoSFL1ΔCT transformant of the 
cpkA cpk2 mutant 
This study 
GCS1 CYC8-S and 3×FLAG-MoSFL1 transformant of Guy11 This study 
GTS9 TUP1-S and 3×FLAG-MoSFL1 transformant of Guy11 This study 
ASD5 MoSFL1S211D transformant of the cpkA cpk2 mutant This study 
HTD17 MoSFL1T441D transformant of the cpkA cpk2 mutant This study 







3.3.2 Spontaneous suppressors of the cpkA cpk2 mutant 
Fast-growing suppressors of the cpkA cpk2 mutant were transferred with sterile 
toothpicks to fresh oatmeal agar plates.  After single-spore isolation, each subculture of 
spontaneous suppressors was assayed for defects in growth, conidiation, and plant 
infection (Li, Wang et al. 2016).  To identify suppressor mutations in the candidate genes, 
PCR products amplified with primers listed in Table 3.2 were sequenced at Purdue 
Genomics Core Facility. Mutation sites were identified by sequence alignment. 
 
3.3.3 Appressorium formation and plant infection assays 
Conidia were harvested from 10-day-old OTA cultures and resuspended to 5×104 
conidia/ml in sterile distilled water.  For appressorium formation assays, droplets of 50 µl 
conidial suspensions were placed on glass cover slips (Fisher Scientific) or GelBond 
membranes (Cambrex) and incubated at 25oC for 24h as described (Zhou, Zhang et al. 
2012).  For infection assays, conidia were resuspended to 5×104 conidia/ml in 0.25% 
gelatin.  Two-week-old seedlings of rice cultivar CO-39 were used for spray or injection 
infection assays as described (Li, Xue et al. 2004, Zhou, Liu et al. 2011).  Lesion 
formation was examined 7 days post inoculation (dpi). 
 
3.3.4 Generation of the gene-replacement mutants 
The double-joint PCR method (Yu, Hamari et al. 2004) was used to generate the 
MoSFL1 gene-replacement vectors.  The 1.2-kb upstream and a 1.2-kb downstream 
flanking sequences of MoSFL1 were amplified with primer pairs Sfl1ko1F/Sfl1ko2R 




amplified with primers Ble/F and Ble/R (Table 3.2) from pFL6.  The resulting products 
of double-joint PCR were transformed into protoplasts of the cpkA cpk2 mutant.  Putative 
cpkA cpk2 Mosfl1 triple deletion mutants were screened by PCR analysis to be deleted of 
MoSFL1. Genomic DNA was extracted from mycelia by the CTAB protocol (Xu and 
Hamer 1996). 
The same strategy was used to generate the MoSFL1ΔCT construct and cpkA cpk2 
Mosfl1ΔCT transformants.  The upstream and downstream flanking sequences were 
amplified with primer pairs CCSko1F/CCSko2R (Table 3.2) and Sfl1ko3F/ Sfl1ko4R 
(Table 3.2), respectively.  After ligation into the ble cassette, the resulting products of 
double-joint PCR were transformed into protoplasts of the cpkA cpk2 mutant.  Putative 
cpkA cpk2 Mosfl1ΔCT triple-deletion mutants were screened by PCR analysis to be deleted 
of the C-terminal domain (496-588 aa).  
 
3.3.5 Affinity purification and mass spectrometry analysis 
The MoSFL1 and MoSFL1ΔCT constructs were amplified and cloned into pFL6 by 
the yeast gap repair approach (Zhou, Li et al. 2011).  The resulting 3×FLAG-MoSFL1 
and 3×FLAG-MoSFL1ΔCT fusion constructs were transformed into the cpkA cpk2 mutant.  
All of the primers used in the constructions of these tagged proteins are listed in Table 
3.2.  Affinity purification and mass spectrometry analysis was performed as described 
(Liu, Iliuk et al. 2011).  The resulting MS data were used to search against the non-





3.3.6 Co-immunoprecipitation (Co-IP) assay 
The yeast gap repair was used to generate the MGG_06958-S, MGG_013806-S, 
Cyc8-S and Tup1-S fusion constructs as described (Zhou, Li et al. 2011).  Primers used to 
amplify the MGG_06958, MGG_013806, CYC8 and TUP1 genes are listed in Table 3.2.  
The resulting S-tagged fusion constructs were co-transformed with the Flag-tagged fusion 
constructs into protoplasts of Guy11 or the cpkA cpk2 mutant in pairs.  Transformants 
containing the 3×FLAG-MoSFL1/MGG_06958-S, 3×FLAG-MoSFL1/MGG_13806-S, 
3×FLAG-MoSFL1/CYC8-S, 3×FLAG-MoSFL1/TUP1-S, 3×FLAG-MoSFL1ΔCT/CYC8-S 
and 3×FLAG-MoSFL1ΔCT/TUP1-S constructs were identified by PCR.  The expression of 
S and Flag fusion proteins was further confirmed by Western blot.  For co-IP assays, total 
proteins were isolated and incubated with the anti-S-Tag Antibody Agarose (Bethyl 
Laboratories) as described (Liu, Iliuk et al. 2011).  The immunoprecipitated (IP) proteins 
were analyzed by Western blot with the anti-FLAG (Sigma-Aldrich) and anti-S (Abcam) 
antibodies. 
 
3.3.7 Construction of the MoSFL1S211D, MoSFL1T441D, MoSFL1S554D allele vectors 
All MoSFL1 alleles were generated using overlapping PCR-mediated methods 
(Heckman and Pease 2007) and cloned into pFL5 by the yeast gap repair approach (Zhou, 
Li et al. 2011).  All of the primers used in the construction of these mutation alleles are 
listed in Table 3.2.  All of the resulting constructs were confirmed by sequence analysis 





Table 3.2 PCR primers used in this study 
Name  Sequence (5’-3’) Applications 
Sfl1ko1F CAGCAGGCCAAGAATTGCAAGC MoSFL1 knockout 
Sfl1ko2R GTGTTGACCTCCACTAGCTCCAGCCACTTGAGACGTACAACAAAGGTCCACG MoSFL1 knockout 
Sfl1ko3F ACGAATTGCTTGCAGGCATCTCATACTGCAGTGACAAAAGAGCCAGAT MoSFL1 knockout 
Sfl1ko4R AACAGCCGCCACAGCCGTAAA MoSFL1 knockout 
CCSko1F AAGCAGTACCCCAAAGGCCGA MoSFL1CT knockout 
CCSko2R GTGTTGACCTCCACTAGCTCCAGCCACTTATCGAGTATGTGGAAAATGAGTCCCTG MoSFL1
CT knockout 
MoSfl1/FL6F TCGATTACAAGGATGACGATGACAAGGCTACCGCCATCCAAACAGC 3×FLAG-MoSFL1 



















Rp6958stag/F CAGATCTTGGCTTTCGTAGGAACCCAATCTTCAATGGCGCCCGCTGTTGGTAT MGG_06958-S 
Rp6958stag/R TTCGAATTTAGCAGCAGCGGTTTCTTTGTCGACCTCCTCGACAGTGG MGG_06958-S 
6958check/F AATGACCAGGGTAACCGAACAA MGG_06958-S 
6958check/R GAGGAAAACCTACCTTCTTGTGC MGG_06958-S 
Rp13806stag/F CAGATCTTGGCTTTCGTAGGAACCCAATCTTCAATGGCCACCGAGGTACGTCAAA MGG_13806-S 
Rp13806stag/R TTCGAATTTAGCAGCAGCGGTTTCTTTCTCGTCAGCCTTGGCCTCAGTCTT MGG_13806-S 
13806check/F CCTTCTCAGCGAGTGACCATTG MGG_13806-S 
13806check/R TCCAACACGGCAGCTGAAGAAA MGG_13806-S 
Cyc8stag/F ACTCACTATAGGGCGAATTGGGTACTCAAATTGGTTCTGCTAAGACCTGCACCGAACT CYC8-S 
Cyc8stsg/R TTCGAATTTAGCAGCAGCGGTTTCTTTGGAGCTCTCAACCTTGGGACCCAT CYC8-S 
Cyc8check/F AAATCCTTGGCAACCTCGAAGACG CYC8-S 




Table 3.2 continued 
Tup1stag/F ACTCACTATAGGGCGAATTGGGTACTCAAATTGGTTAATTCGTGTCAGTGCCAGCCATCA TUP1-S 
Tup1stag/R TTCGAATTTAGCAGCAGCGGTTTCTTTCGCCATACGGTTGTCCATGC TUP1-S 
Tup1check/F ATCAATGAGATGCACATGGTCCGA TUP1-S 
Tup1check/R GTTCTCAATATCCCAAAGCCTGAC TUP1-S 
RIM15seq1F GGCTCTGCTTCTACCAGACA RIM15 sequence 
RIM15seq2F GGAGAAAGCCATGTAAGTTG RIM15 sequence 
RIM15seq3F AAGCTCGAATTGTCGAACTA RIM15 sequence 
RIM15seq4F CTGAGTATCTCCGGTCACAC RIM15 sequence 
RIM15seq5R CTAGAGGAGGAGATTGCACA RIM15 sequence 
RIM15seq6F AAGGCCTGGCAAACATGCTC RIM15 sequence 
RIM15seq7F ATACGCTACTTCAAGATGAA RIM15 sequence 
RIM15seq8F TCTTCCAGCTTTTCACAGCC RIM15 sequence 
RIM15seq9F AATGGTGCCGATGTTGCCAG RIM15 sequence 
RIM15seq10R TTAGATAAAGTTCATGGGCT RIM15 sequence 
YAK1seq1 CTAAGGCGTTGCTGGTGCTG YAK1 sequence 
YAK1seq2R GGCAAAGATGCTGTCTATGAAT YAK1 sequence 
YAK1seq3 CTCGACAAGAACGACGATCA YAK1 sequence 
YAK1seq4R GACTCCATCGGCCGCCAATA YAK1 sequence 
MSN2seq1 GGGGATGCTAATACCTTTTCAG MSN2 sequence 
MSN2seq2 TGGTCTAGGTTGGCAGTAGAAC MSN2 sequence 
MSN2seq3 CCAAGATGGATTCTGCCACCAA MSN2 sequence 
MSN2seq3R CTCCCTTAGGTCCCGCAAACTCTG MSN2 sequence 
SOK1seq1F GCCGGTGAAGCTTTACAGTTCTCG SOK1 sequence 
SOK1seq2R TGCGGTCCTCGTCGAATACA SOK1 sequence 
SOK1seq3R GAAGGGAAGCCAGAGTGAAGGGAG SOK1 sequence 
Sch9seq1 AACATCCCGACAGCCCAAGAATAT SCH9 sequence 
Sch9seq2 CGAGCTGATATCAGGTGGCCCGAG SCH9 sequence 
Sch9seq3 GTTCGGACAGCAACGTCAAATTCG SCH9 sequence 
Sch9seq4 CGTGAAACGGACTAGAACAAAATCG SCH9 sequence 
MoSfl1seq1F AGAATTGCAAGCCCTGTCCG SFL1 sequence 
MoSfl1seq2R GTGTCCTGCGAGCTAAAGGT SFL1 sequence 
MoSfl1seq3F TCTGTTGCATGAGACTCGAC SFL1 sequence 
MoSfl1seq4R GCAAGCCAATGATGTCTCCC SFL1 sequence 
MoSfl1seq5F TCAGCGACGTCTTCCACAAC SFL1 sequence 
MoSfl1seq6R CAGTCGCTTGCGCTTCCTGT SFL1 sequence 
MoSfl1seq7R TCAGGTACTTTGGCATCTCC SFL1 sequence 
Som1seq1 CTTGCATCCAACCGAGAACACACA SOM1 sequence 
Som1seq2 GCATCGCATCGCTTCCGGAGTA SOM1 sequence 
Som1seq3 TTACAGGCTATCGCGAATGCATCC SOM1 sequence 
Som1seq4 CGCACCGCACTTCTTCAAAGGTA SOM1 sequence 
Som1seq5R GGGTATGATGAGATTTGTGATGAC SOM1 sequence 
Cdtf1seq1 TTCGACTAGGAACGAACGAATGAG CDTF1 sequence 
Cdtf1seq2 GTTCCAAAACCAGGCTATCAACCA CDTF1 sequence 
Cdtf1seq3 ACCCTCAGGTCATGTTGCTCCTTC CDTF1 sequence 
Cdtf1seq4 GAACTAGCTCGGAACTTGCCTCAG CDTF1 sequence 
Cdtf1seq5 ACGCAAGAACAGTTGTCCAAGCTC CDTF1 sequence 
Cdtf1seq6 CGGAAGAGAACTTTGAGGCAAACA CDTF1 sequence 





3.4.1 Defects of the cpkA cpk2 mutant are partially recovered in the spontaneous 
suppressors 
Unlike the cpkA mutant, the cpkA cpk2 double mutant was unstable.  Fast-growing 
spontaneous suppressors became visible in oatmeal cultures of the cpkA cpk2 mutant 
older than 10 days.  A total of 20 suppressor strains of the double mutant were isolated 
and purified by single-spore isolation.  The colony morphology of the suppressors 
appeared darker and flat compared to that of the wild-type strain or cpkA cpk2 double 
mutant (Figure 3.1 and 3.3A).  The growth rate of suppressor strains recovered to over 83% 
of the wild-type strain (Figure 3.2A).  Conidiation also was partially rescued in 
comparison with the double mutant but only recovered to approximately 3% of the wild-
type strain (Figure 3.2B).   
 In infection assays with two-week-old seedling of rice cultivar CO-39, none of the 
suppressor strains was able to cause lesions in intact or wounded rice leaves (Figure 
3.3C).  These results indicate that suppressor mutations could suppress the growth defects 
but not defects of the cpkA cpk2 mutant in plant infection.  Close examination revealed 
that suppressor strains had melanized hyphal tips (Figure 3.3B).  After incubation for 24 
h, conidia of the suppressor strains were able to germinate and form appressoria on both 
the hydrophobic and hydrophilic surfaces of GelBond membranes (Figure 3.3D).  
However, approximately 40% of appressoria formed by suppressor strains were abnormal 
in morphology no matter on hydrophilic or hydrophobic surfaces (Figure 3.3E). 






Figure 3.1 Colony morphology of the 20 spontaneous suppressors of the cpkA cpk2 
mutant.  Oatmeal agar plates were photographed after incubation at room temperature for 





Figure 3.2 Growth rate and conidiation of the spontaneous suppressors.  (A) Growth rate 
and (B) conidiation of the wild-type strain Guy11, the cpkA cpk2 mutant, and 20 
spontaneous suppressor strains (CCS1-CCS20) were measured with 7-day-old oatmeal 






Figure 3.3 Phenotypes of the suppressor strain CCS1.  (A) Seven-day-old OTA cultures 
of the wild-type strain Guy11, cpkA cpk2 mutant, and suppressor strain CCS1. (B) 
Hyphal tips of Guy11 and CCS1 from 7-day-old OTA cultures. Bar = 10 µm.  (C) Rice 
leaves inoculated with conidia of Guy11 and CCS1 were examined 7 days post-
inoculation.  (D) Appressoria formed by Guy11 and CCS1 on hydrophobic and 
hydrophilic surfaces after incubation for 24 h. Bar = 10 µm.  (E) Abnormal appressoria 




3.4.2 Identification of suppressor mutations in MoSFL1 
To identify suppressor mutations, we selected eight genes (Table 3.3) that are 
orthologous to the known downstream targets of PKA or genes that can suppress the 
mutants lacking PKA activity in the budding yeast.  These selected genes were amplified 
from suppressor strains CCS1, CCS4, CCS7 and CCS14 and sequenced.  Whereas 
suppressor stains CCS4 and CCS14 had no mutations in these candidate genes, both 
CCS1 and CCS7 had mutations in MoSFL1 (Table 3.4).  In suppressor stain CCS1, 10 
extra nucleotides CCCCCGCCGC were inserted at the position between 1556 and 1557 
in the coding region of MoSFL1, resulting in a frameshift change at residue P414.  In 
suppressor strain CCS7, a 1241-bp deletion occurred in the coding region of MoSFL1 





Table 3.3 Genes selected for sequencing analysis in suppressor strains 
Gene Notes Reference 
RIM15 Deletion of RIM15 rescues spore viability in the tpk1 tpk2 tpk3 
triple mutant 
(Reinders, Bürckert et 
al. 1998) 
YAK1 Overexpression of YAK1 rescues growth defects of the tpk1 tpk2 
tpk3 triple mutant 
(Garrett and Broach 
1989) 
MSN2 Deletion of MSN2 and MSN4 increases growth in the tpk2 mutant (Smith, Ward et al. 
1998) 
SOK1 Overexpression of SOK1 suppresses the growth defect of mutants 
lacking PKA activity 
(Ward and Garrett 
1994) 
SCH9 Overexpression SCH9 can functionally rescue a triple TPK 
deletion mutant 
(Toda, Cameron et al. 
1988) 
SFL1 Downstream target of PKA (Conlan and 
Tzamarias 2001) 
SOM1 Downstream target of PKA (Yan, Li et al. 2011) 




Table 3.4 Suppressor mutations identified in MoSFL1  
Suppressor strain Mutations in MoSFL1 a Amino acid changes in MoSfl1 b 
CCS1 1556_1557insCCCCCGCCGC P414fs 
CCS7 405_1645del M131fs 
a ins, insertion; del, deletion. 





3.4.3 Either deletion of MoSFL1 or its C-terminal region rescues the cpkA cpk2 mutant 
MoSFL1 is a transcription factor with a conserved HSF (heat shock factor) DNA-
binding domain in the N-terminal region (residues 124-225) (Li, Zhou et al. 2011).  The 
frame-shift mutation in suppressor strain CCS7 results in the truncation of 78% of amino 
acids in MoSfl1, including parts of the HSF DNA-binding domain, which may 
significantly affect function of the protein.  To verify that loss-of-function mutations in 
MoSFL1 can rescue the cpkA cpk2 mutant, the MoSFL1 gene-replacement construct 
(Figure 3.4A) was generated and transformed into the cpkA cpk2 mutant.  Bleomycin-
resistant transformants were screened by PCR for deletion of MoSFL1.  Putative cpkA 
cpk2 Mosfl1 mutants were confirmed by PCR analysis for the deletion of CPKA, CPK2, 
and MoSFL1.  The resulting cpkA cpk2 Mosfl1 triple mutant had similar phenotypes with 
spontaneous suppressor strains isolated from the cpkA cpk2 mutant in M. oryzae (Figure 
3.4C; Table 3.5). 
In suppressor CCS1, the insertion mutation in MoSFL1 does not affect the HSF 
DNA-binding domain but causes the truncation of its C-terminal region due to the 
frameshift mutation.  Sequence alignment showed that the C-terminal region of MoSfl1 is 
conserved among its orthologs from other filamentous fungi, including Fusarium 
graminearum, Neurospora crassa, Sclerotinia sclerotiorum, Botrytis cinerea, Aspergillus 
nidulans, Microsporum canis, and Trichophyton rubrum (Figure 3.4B).  To confirm that 
truncation of the C-terminal region of MoSfl1 can also result in the phenotype recovery 
of the cpkA cpk2 mutant, we generated a MoSFL1CT gene-replacement construct (Figure 
3.4A) to delete the C-terminal region (CT, residues 496-588) of MoSfl1 in the cpkA cpk2 




analyses.  The phenotype of the cpkA cpk2 Mosfl1CT mutants was similar to that of the 





Table 3.5 Growth rate and conidiation of the cpkA cpk2 Mosfl1CT and cpkA cpk2 Mosfl1 
mutants 
Strain Growth rate (mm/day) * Conidiation (×105 conidia per plate) 
Guy11 (WT) 3.4±0.0 165.5±24.4 
CAC2 (cpkA cpk2) 0.9±0.1 0.0±0.0 
CT-5 (cpkA cpk2 Mosfl1CT) 3.1±0.1 1.5±0.3 
SL-3 (cpkA cpk2 Mosfl1) 3.0±0.0 1.7±0.5 






Figure 3.4 Deletion of MoSFL1 and MoSFLCT in the cpkA cpk2 mutant.  (A) The 
MoSFL1 genomic region, gene-replacement constructs of MoSFL1 and MoSFLCT, and the 
positions/directions of PCR primers.  (B) Sequence alignment of MoSFL1 C-terminal 
(CT) region with its orthologs from F. graminearum (Fg), N. crassa (Nc), S. sclerotiorum 
(Sc), B. cinerea (Bc), A. nidulans (An), M. canis (Mc), and T. rubrum (Tr).  C. Seven-
day-old oatmeal agar plates of the wild-type Guy11, cpkA cpk2 double mutant, cpkA cpk2 




3.4.4 Identification of MoSfl1- and MoSfl1ΔCT-interacting proteins by affinity purification 
and mass spectrometry analysis 
Several Sfl1-interacting proteins have been identified in budding yeast, including the 
Cyc8-Tup1 co-repressor and mediator proteins (Song and Carlson 1998, Conlan and 
Tzamarias 2001).  To determine how mutations in MoSFL1 caused the suppressor effect, 
affinity purification and mass spectrometry (MS) analysis were performed to identify 
proteins interacting with MoSfl1 and MoSfl1ΔCT in the cpkA cpk2 mutant.  The 3×FLAG-
MoSFL1 and 3×FLAG-MoSFL1ΔCT constructs were generated and transformed into the 
cpkA cpk2 mutant.  The resulting 3×FLAG-MoSFL1 transformants and 3×FLAG-
MoSFL1ΔCT transformants were confirmed by PCR and western blot analyses.   
For affinity purification, total proteins were isolated from vegetative hyphae grown 
in liquid CM medium and mixed with anti-FLAG M2 beads (Sigma-Aldrich).  Proteins 
bound to M2 beads were eluted and digested with trypsin.  Proteins that co-purified with 
3×FLAG-MoSfl1 and 3×FLAG-MoSfl1ΔCT were identified by MS analysis.  Among the 
MoSfl1-interacting proteins, MGG_06958, MGG_01588, MGG_08829 and MGG_03196 
(Table 3.6) are orthologous to yeast SSA1, BMH1, TUP1, and CYC8, respectively, that 
are known to interact with Sfl1 in S. cerevisiae.  In comparison with Sfl1-interacting 
proteins in yeast, the novel MoSfl1-interacting proteins include MGG_04191, 
MGG_05193, MGG_02503, MGG_03286, MGG_13806, MGG_08142, MGG_01720, 
MGG_08829, MGG_01268, MGG_09565, and MGG_03196 (Table 3.6).  Similar to 
MGG_06958 (SSA1), MGG_04191 and MGG_02503 are also Hsp70-like proteins that 
are orthologs to yeast SSC1 and KAR2, respectively.  The 14-3-3 family protein 




MGG_01720 are orthologs of yeast THO1 and SWI3 that function as transcription 
regulators.  The putative pathway-specific nitrogen regulator MGG_03286 has no 
homologous sequence in S. cerevisiae.  The same set of proteins was identified as 
MoSfl1ΔCT-interacting proteins except Cyc8 (Table 3.6).   
The interaction between Pmk1 (MGG_09565) and MoSfl1 has been proved in the 
previous study of our lab (Li, Zhou et al. 2011).  To verify the pull-down data, we 
selected two pairs of interactions, MGG_06958-MoSfl1 and MGG_13806-MoSfl1, for 
co-immunoprecipitation (co-IP) assays.  We generated MGG_06958-S and MGG_13806-
S constructs, and co-transformed them with 3×FLAG-MoSFL1 into the cpkA cpk2 mutant, 
respectively.  The resulting transformants HYS4 and MCS49 (Table 3.1) were confirmed 
by PCR and further confirmed by western blot analysis with anti-FLAG and anti-S 
antibodies.  To confirm the interaction between MoSfl1 and MGG_06958, total proteins 
were extracted from transformant HYS4 and incubated with anti-S-Tag Antibody 
Agarose beads (Bethyl Laboratories).  Proteins bound to the beads were then eluted and 
used for western blot analysis.  The 3×FLAG-MoSfl1 band was detected with an anti-
FLAG antibody in both total (In) and immunoprecipitated (IP) proteins (Figure 3.5A), 
indicating that MoSfl1 interacts with MGG_06958.   
Similarly, to confirm the interaction between MoSfl1 and MGG_13806, total 
proteins were extracted from transformant MCS49 and incubated with anti-S-Tag 
Antibody Agarose beads.  The 3×FLAG-MoSfl1 band was detected in both total proteins 
and proteins bound to anti-S-Tag Antibody Agarose beads (Figure 3.5B). 
Unlike Cyc8 that interacts with MoSfl1 but not with MoSfl1ΔCT, we noticed that 




MoSfl1ΔCT, the amount of Tup1 peptides detected by MS analysis was significantly 
reduced in MoSfl1ΔCT samples compared to that in MoSfl1 samples (Table 3.6). 
 
 
Table 3.6 Putative MoSFL1- and MoSFL1ΔCT-interacting genes identified by affinity 
purification 




MGG_06958 Hsp70-like protein 63 65 
MGG_04191 Hsp70-like protein 36 38 
MGG_02503 Glucose-regulated protein 17 16 
MGG_03286 Pathway-specific nitrogen regulator 9 10 
MGG_13806 14-3-3 family protein 8 12 
MGG_01842 Uncharacterized protein 3 3 
MGG_01720 Transcription regulatory protein SWI3 11 8 
MGG_08829 Transcriptional repressor TUP1 26 4 
MGG_01268 Nuclear localization sequence binding protein 3 4 
MGG_01588 14-3-3 family protein 3 3 
MGG_09565 Mitogen-activated protein kinase 2 3 
MGG_03196 CYC8 10 0 








Figure 3.5 Co-IP assays for the MGG_06958-MoSfl1 and MGG_13806-MoSfl1 
interactions.  Western blots of total proteins (Input) and proteins immunoprecipitated (IP) 
with anti-S-Tag antibody agarose beads from transformants (A) HYS4 (MGG_06958-S 
and 3×FLAG-MoSfl1) and (B) MCS49 (MGG_13806-S and 3×FLAG-MoSfl1) were 
detected with anti-S, anti-FLAG, or anti-actin antibodies.  Total proteins isolated from 





3.4.5 The C-terminal region of MoSfl1 is important for its interaction with the Cyc8-
Tup1 co-repressor 
Our pull-down data suggest that MoSfl1 interacts with Cyc8 and Tup1, which is 
consistent with studies in yeast (Conlan and Tzamarias 2001).  In S. cerevisiae, Cyc8 and 
Tup1 form a protein complex that functions as a transcription co-repressor (Smith and 
Johnson 2000).  To verify the interaction between MoSfl1 and Cyc8-Tup1 and test our 
hypothesis that truncation of the C-terminal region of MoSfl1 affects its interactions with 
the Cyc8-Tup1 complex, S-tagged CYC8 and TUP1 constructs were generated and co-
transformed with 3×FLAG-MoSFL1 and 3×FLAG-MoSFL1ΔCT into the cpkA cpk2 mutant.  
The resulting transformants CYS15, CNC19 TSL6, and TCS28 (Table 3.1) were 
confirmed by PCR and western blot analyses.  To compare the interactions of MoSfl1 
and MoSfl1ΔCT with Cyc8, the same amount of total proteins were extracted from 
transformants CYS15 and CNC19 and incubated with anti-S-Tag antibody agarose for 
co-IP assays.  As expected, MoSfl1 was detected by an anti-FLAG antibody in both total 
and immunoprecipitated proteins (Figure 3.6A).  However, the 3×FLAG-MoSfl1ΔCT band 
was not detected in proteins eluted from anti-S-Tag agarose beads in western blot 
analysis (Figure 3.6A).  
Similarly, to compare the interactions of MoSfl1 and MoSfl1ΔCT with Tup1, the 
same amount of total proteins extracted from transformants TSL6 and TCS28 were used 
for co-IP assays with anti-S-Tag antibody agarose beads.  The amount of MoSfl1ΔCT 
proteins co-precipitated with anti-S-Tag agarose was significantly reduced in comparison 






Figure 3.6 Co-IP assays for interactions of MoSfl1 and MoSfl1ΔCT with the Cyc8-Tup1 
co-repressor.  Western blots of total proteins (Input) and proteins immunoprecipitated (IP) 
by anti-S-Tag antibody agarose beads from (A) CYS15 (Cyc8-S and 3×FLAG-MoSfl1) 
and CNC19 (Cyc8-S and 3×FLAG-MoSfl1ΔCT); B) TSL6 (Tup1-S and 3×FLAG-MoSfl1) 
and TCS28 (Tup1-S and 3×FLAG-MoSfl1ΔCT) were detected with anti-S, anti-FLAG, or 
anti-actin antibodies.  Total proteins isolated from the wild-type strain Guy11 (WT) were 





3.4.6 The interaction of MoSfl1 with the Cyc8-Tup1 co-repressor is negatively 
regulated by PKA 
Our previous results have shown that C-terminal truncation impaired the interaction 
between MoSfl1 and Cyc8-Tup1.  Because truncation of the C-terminal region of 
MoSFL1 rescued the cpkA cpk2 mutant, it suggests a link between PKA phosphorylation 
of MoSfl1 and its interaction with the Cyc8-Tup1 complex.  Here, we hypothesize that 
PKA negatively regulates the interaction of MoSfl1 with the Cyc8-Tup1 co-repressor.  
To test this hypothesis, CYC8-S and 3×FLAG-MoSFL1 constructs were co-transformed 
into the wild-type strain Guy11 to obtain transformant GCS1 that was confirmed by PCR 
and western blot analyses to express Cyc8-S-tag and FLAG-MoSfl1 fusion proteins.  
Total proteins were isolated from hyphae of transformant GCS1 treated with PKA 
enhancer cAMP (Sigma-Aldrich) or PKA inhibitor (PKI) H-89 (Sigma-Aldrich) and 
subjected to co-IP assays with anti-S-Tag agarose beads.  In samples treated with H-89, 
the 3×FLAG-MoSfl1 band was detected with an anti-FLAG antibody in proteins eluted 
from anti-S-Tag agarose beads (Figure 3.7A), indicating the interaction between MoSfl1 
and Cyc8.  In contrast, their interaction was completely abolished by treatment with 
cAMP (Figure 3.7A).  In co-IP assays with transformant GTS9 that expressed both Tup1-
S and 3×FLAG-MoSfl1 fusion proteins, the FLAG-MoSfl1 band was detected in proteins 
eluted from anti-S-Tag agarose beads in both samples treated with H-89 or cAMP.  
However, the latter had a much weaker band (Figure 3.7B), indicating that cAMP 







Figure 3.7 Co-IP assays for interactions between MoSfl1 and Cyc8-Tup1 co-repressor 
with cAMP and/or PKI treatment. Western blots of total proteins (Input) and the proteins 
immunoprecipitated (IP) by anti-S-Tag antibody agarose from (A) GCS1 (Cyc8-S and 
3×FLAG-MoSfl1) and (B) GTS9 (Tup1-S and 3×FLAG-MoSfl1), treated (+) or not (−) 
with cAMP and PKI, were detected with anti-S, anti-FLAG, or anti-actin antibodies. 






3.4.7 Phosphorylation of S211 in MoSfl1 rescues the growth rate of the cpkA cpk2 
mutant 
In S. cerevisiae, Sfl1 has two putative PKA phosphorylation sites, S207 and S733 
(Figure 3.8A).  According to CLUSTALW2 alignment analysis, these two 
phosphorylation sites are well conserved in MoSfl1 (S211 and S554) and FgSfl1 (S223 
and S559) (Figure 3.8A).  One additional putative PKA phosphorylation site was 
identified in MoSfl1 (T441) and FgSfl1 (T452) (Figure 3.8A).  However, the 
corresponding site in yeast (RLYS, 568-571) (Figure 3.8A) does not fit with the 
consensus PKA phosphorylation site motif [R/K][R/K]-X-[S/T], where X indicates any 
amino acid (Zhou, Blechner et al. 1994). 
To identify the PKA phosphorylation sites in MoSfl1 and further prove that it is 
negatively regulated by PKA, the MoSFL1S211D, MoSFL1T441D and MoSFL1S554D alleles 
were generated and transformed into the cpkA cpk2 double mutant to obtain 
transformants ASD5, HTD17 and GSD22, respectively (Table 3.1).  Changing from 
serine or threonine (S/T) to aspartate (D) is assumed to mimic the phosphorylation status.  
Of all the transformants, only ASD5 showed fast-growing phenotype compared to the 






Figure 3.8 Site-directed mutagenesis of the putative protein kinase A (PKA) 
phosphorylation sites in MoSfl1.  (A) Schematic drawing of the MoSfl1 protein and 
alignment of the marked region with its orthologs from F. graminearum (Fg) and S. 
cerevisiae (Sc).  The consensus PKA phosphorylation site motifs were boxed with red 
lines.  The putative PKA phosphorylation residues were marked with stars.  (B) Colony 
morphology of the wild-type strain Guy11, the cpkA cpk2 mutant, and the MoSFL1S211D 
(ASD5), MoSFL1T441D (HTD17) and MoSFL1S554D (GSD22) transformants.  Oatmeal 






In the fast-growing spontaneous suppressors CCS1 and CCS7, genetic mutations 
were identified in MoSFL1, suggesting that these mutations are likely responsible for 
suppressor effects.  Although the growth rate of the cpkA cpk2 mutant was recovered, the 
suppressor strains were still defective in plant infection, suggesting that suppressor 
mutations in MoSFL1 could not bypass the PKA function in pathogenicity.  In the other 
two suppressor strains, CCS4 and CCS14, mutation sites were not identified in the genes 
selected for sequencing analysis, indicating that suppressor mutations likely occurred in 
other genes besides MoSFL1.  It is possible that suppressor mutations occurred in genes 
interacting with MoSfl1 or components of the MoSfl1 complex. 
In yeast, SFL1 can function as both a transcriptional activator and repressor (Song 
and Carlson 1998, Galeote, Alexandre et al. 2007).  In M. oryzae, deletion of MoSFL1 
did not affect vegetative growth but resulted in a significant reduction in pathogenicity 
(Li, Zhou et al. 2011).  In this study, we showed that loss-of-function mutations in 
MoSFL1 recovered the growth rate but not pathogenicity in the cpkA cpk2 mutant.  These 
results suggest that MoSFL1 may play an activator role in regulating pathogenesis but 
negatively regulate vegetative growth.   
In MoSfl1, the only predicted domain is the putative DNA-binding domain of heat 
shock transcription factor (HSF).  Based on alignment analysis, the C-terminal regions of 
Sfl1 orthologs are well conserved in filamentous fungi, suggesting that this region may 
have special structures and functions in MoSfl1.  Because the conserved C-terminal 
region of MoSfl1 and its orthologs from other filamentous fungi is distinct from the yeast 




the Mosfl1ΔCT mutant allele also suppressed the growth defects of the cpkA cpk2 double 
mutant, we conclude that the C-terminal region of MoSFL1 is important for its repressor 
function. 
Previous studies in yeast have shown that Sfl1 inhibits gene transcription by 
interacting with the Cyc8-Tup1 co-repressor (Conlan and Tzamarias 2001).  In M. oryzae, 
the interaction between MoSfl1 and Cyc8 or Tup1 was confirmed by co-IP assays.  
Moreover, the conserved C-terminal region of MoSfl1 was shown to play a critical role in 
its interaction with Cyc8 and Tup1, which may be directly related to the frameshift 
mutation at residue P414, which resulted in a fast-growing suppressor of the cpkA cpk2 
mutant. 
Besides the Cyc1-Tup1 co-repressor, Sfl1 was also found to interact with 
Srb/mediator proteins Ssn2, Ssn8, Sin4, and Rox3 in yeast, which have roles in 
transcriptional repression (Song and Carlson 1998).  The orthologs of yeast Ssn2, Ssn8, 
Sin4, and Rox3 are MGG_06499, MGG_01071, MGG_04587, and MGG_07445 in M. 
oryzae, respectively.  However, none of them were identified in proteins co-
immunoprecipitated with MoSfl1 in affinity purification.  Instead of direct interaction 
with Sfl1, the mediator components may be recruited by Cyc8-Tup1 to serve as partners 
of Sfl1 to fulfill repression functions.  The Cyc8-Tup1-mediated association between Sfl1 
and the mediator complex may be too dynamic to be detected in M. oryzae.  To date, it is 
unclear how Sin4 and Rox3 repress transcription but the role of Ssn2 (Srb9) and Ssn8 
(Srb11) are well studied as components of the Srb8-Srb11 module.  In fact, Tup1 is found 
to directly interact with the Cdk8 (Srb10) subunit to recruit the mediator complex that 




Although it is not clear how MoSfl1 represses transcription by interacting with the Cyc8-
Tup1 complex in M. oryzae, one possible model is that MoSfl1 binds to specific 
regulatory sequences in the promoter and then recruits the Cyc8-Tup1 co-repressor, 
which in turn recruits the Srb8-Srb11 module (Figure 3.9B).  In this model, the core 
mediator containing the Srb8-Srb11 module represses transcription by preventing the 
interactions of target promoters with RNA polymerase ΙΙ and the basal transcription 
machinery (Figure 3.9B) (Borggrefe, Davis et al. 2002, Samuelsen, Baraznenok et al. 
2003, Guglielmi, van Berkum et al. 2004).  
In yeast, both genetic and biochemical evidences indicate that Sfl1 is the substrate of 
PKA catalytic subunit Tpk2 (Robertson and Fink 1998, Pan and Heitman 2002) and it is 
negatively regulated by PKA (Conlan and Tzamarias 2001).  In M. oryzae, we showed 
that the MoSfl1S211D phosphorylation mimic allele rescued the growth defect caused by 
the deletion of PKA catalytic subunits CPKA and CPK2, indicating that MoSfl1 is the 
downstream target of PKA.  In addition, the interaction between MoSfl1 and the Cyc8-
Tup1 co-repressor was impaired by stimulating the cAMP-PKA signaling pathway, 
suggesting that MoSfl is negatively regulated by PKA.  In yeast, phosphorylation of Sfl1 
by PKA prohibits its dimerization and reduces its DNA binding efficiency.  In this study, 
our results showed that PKA negatively regulates MoSfl1 and its interaction with the 
Cyc8-Tup1 co-repressor. 
How does the suppressor mutation in MoSfl1 bypass absence of PKA activity?  In 
the presence of PKA, MoSfl1 is negatively regulated to prohibit its interaction with the 
Cyc8-Tup1 co-repressor.  As a result, the repression function of MoSfl1 is inhibited by 




effect is achieved by genetic mutation.  Both P414fs and M131fs mutations result in the 
disassociation of MoSfl1 from the Cyc8-Tup1 co-repressor without phosphorylation by 
PKA (Figure 3.9C), which in turn leads to the release of the Srb8-Srb11 module.  
Meanwhile, the core mediator complex lack of the Srb8-Srb11 module recruited by other 
transcription activators, such as Flo8 (Kim, Lee et al. 2014), serves for the assembly of 








Figure 3.9 A model of suppressor mutations in MoSfl1 bypassing the requirement for 
phosphorylation by PKA.  (A) In the wild-type strain, phosphorylation of MoSfl1 by 
PKA prohibits its interaction with the Cyc8-Tup1 co-repressor. The core mediator 
complex (orange) combining with activator (ACT, red) recruits the RNA polymerase ΙΙ 
(pol ΙΙ) subunits (green) to initiate gene transcription (Allen and Taatjes 2015).  (B) In the 
cpkA cpk2 mutant, un-phosphorylated MoSfl1 interacts with the Cyc8-Tup1 co-repressor, 
which in turn recruits the Srb8-Srb11 module (pink).  The Srb8-Srb11-containing 
mediator represses transcription by preventing its interactions with pol ΙΙ (green) and the 
basal transcription machinery (II B, II D, II E, II F and II H, green) (Bjorklund and 
Gustafsson 2005).  (C) MoSfl1 with suppressor mutations is dissociated from the Cyc8-
Tup1 co-suppressor to bypass the absence of PKA activity, which recovers the 
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